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ABSTRACT

Dow, Alexander Russell. Ph. D., Purdue University, August 2015. Liquid
Chromatographic/Mass Spectrometric Investigations of Bio-oil and Advances in LaserInduced Acoustic Desorption Fundamentals and Instrumentation. Major Professor:
Hilkka I. Kenttӓmaa.
Tandem mass spectrometry has become a widely-used tool in the analytical
sciences. Notable characteristics of tandem mass spectrometry include high sensitivity
and speed, low detection limit, and high specificity. Tandem mass spectrometric
experiments are performed by isolation of a desired ion followed by collision-induced
dissociation (CID) or ion-molecule reactions. Coupling liquid chromatography (LC) with
tandem MS allows researchers to tackle analytical problems of even greater complexity
and difficulty. Some of the problems solved with high-performance liquid
chromatography/tandem mass spectrometry (HPLC-MS/MS) include separation and
identification of isomers and complex mixtures. Bio-oil produced by fast pyrolysis of
lignocellulosic biomass contains hundreds of compounds, yet with HPLC-MS, the
mixture can be separated and analyzed by using the mass spectrometer. In addition, biooil can be catalytically upgraded to produce multiple isomers, which can be separated and
analyzed using HPLC-MS/MS.

xviii
Tandem mass spectrometry, as with any analytical tool, is not without
weaknesses. Complex mixtures of nonvolatile compounds, such as asphaltenes, are
difficult to analyze. No methods exist for the introduction of asphaltenes into the gas
phase without aggregation and also feature unbiased, soft ionization. To aid in the
analysis of samples such as asphaltenes, laser-induced acoustic desorption (LIAD) can be
employed. LIAD enables desorption of low-energy, neutral compounds allowing the
ionization method to be chosen based on the sample. Since the development of LIAD,
significant research has been conducted concerning the fundamentals and analytical
applications of LIAD. However, the current understanding of LIAD is still limited.
Development of LIAD instrumentation has also continued over the years, leading to the
development of fiber, fiberless, high vacuum, and atmospheric pressure LIAD. Much like
the fundamentals, instrumentation research still continues to improve LIAD.
This dissertation has a dual focus. One focus is on the development of LCMS/MS methods for the separation, identification, and quantification of the major
products of biomass fast pyrolysis. A method utilizing HPLC separation and MS based
on ionization via ammonium attachment was developed to determine the products of pure
dihydroeugenol after catalysis. Bio-oil, obtained from the Riberio group, was separated
using a novel LC method, yielding three fractions, which were analyzed and quantified
using HPLC-MS/MS.
The other focus of this dissertation is the further investigation of LIAD
fundamentals and improvement of instrumentation. The fundamental parameter
controlling LIAD desorption efficiency were explored using multiple petroleum-related
model compounds in addition to crude oil, deasphaltened oil, and asphaltene samples.

xix
Imaging of the sample desorption was performed using a scanning electron microscope
(SEM). Design and construction of an automated rastering stage for atmospheric pressure
LIAD was completed and validated. Optimal rastering speed and temperature change
while rastering were investigated.

1

CHAPTER 1. INTRODUCTION

1.1 Introduction
In 1913, J.J. Thompson not only discovered the electron but he also developed the
first mass spectrometer.1 Mass spectrometers has since expanded from this single
experiment into one of the most widely used analytical methods. The pervasiveness of
mass spectrometry in analytical sciences is due to its sensitivity, speed, low detection
limit, and the robustness of the instruments.2 Every mass spectrometry experiment can be
separated into at least four events: evaporation of the sample, ionization of the sample,
separation of the ions by their mass-to-charge ratio (m/z), and detection of the separated
ions.3
Evaporation of the sample is required to ensure that the ions which are generated
will be in the gas phase. This is a requirement for all mass spectrometers so that magnetic
and/or electric fields can be used to control their path through the instrument. While
evaporation and ionization of the sample often occur during the same event, other
methods, such as laser-induced acoustic desorption (LIAD), only introduce the sample
into the gas phase without ionization. LIAD allows for the introduction of thermally
labile compounds into the gas phase as low energy neutral molecules.4-6 By separating the
evaporation and ionization process, the method for ionization can be selected based upon
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the sample. A substantial portion of the research presented in this dissertation was carried
out using LIAD.
Gas-phase ions can be separated by multiple methods in a mass spectrometer.
Some of these methods employ ions’ momentum, time of flight, or frequency of motion.3
Separation requires that the ion’s trajectory is not hindered by collisions with gas
molecules. For this reason, high vacuum is typically used to achieve better path control.
Once separated, the ions are detected using one of multiple methods (electron multiplier,
faraday cup, etc.), which produces a signal which is proportional to the ion abundance.
The signal intensity is recorded and converted to a mass spectrum, with the relative signal
intensity as the y-axis and the m/z as the x-axis.
Analysis of a mass spectrum can produce multiple pieces of information. The
most basic piece of information is the m/z value of the ions. Some limited compositional
information can also be gleaned even when not using a high resolution mass
spectrometer. Examples of this include the nitrogen rule (even mass molecular ions will
contain zero or an even number of nitrogen atoms) and identification of isotopic peaks
(chloromethane will have two major peaks, one at m/z 50 and one at m/z 52, with the m/z
52 peak being roughly 33% of the abundance of the m/z 50 peak due to the presence of
chloride in the compound). Use of high resolution instruments allows for determination
of the exact elemental composition.7,8 Structural information can be gained by performing
multiple stages of mass spectrometric experiments, known as tandem mass spectrometry
(MSn).9 During the most common type of MSn experiment, ions of a desired m/z value is
isolated and excited by collisions with an inert gas until it undergoes unimolecular
dissociation.10 The fragment ions are detected and can even be isolated and excited in
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another set of experiments.11 Combining the information gained via high resolution and
tandem mass spectrometry often allows for ion structures to be accurately predicted.

1.2 Dissertation Overview
The research presented in this dissertation focuses on several main projects which
include: the development of methods for the separation and identification of compounds
produced by fast pyrolysis of biomass, investigation of petroleum-based samples'
desorption efficiency upon LIAD, and development of an automated rastering LIAD
stage. Chapter 2 details the principles of ionization, linear quadrupole ion trap (LQIT)
mass spectrometers, and laser-induced acoustic desorption (LIAD). The experimental
methods used in high-performance liquid chromatography (HPLC) and scanning electron
microscopy (SEM) analyses are also described in this chapter.
Chapters 3 and 4 discuss research on the development of methods for the analysis
of bio-oil produced by pyrolysis of biomass and products relevant to pyrolysis of
biomass. Chapter 3 describes the development of a LC-HPLC-MS/MS method for the
separation, identification, and quantification of crude sorghum bio-oil produced from fast
pyrolysis. Analysis of the bio-oil fractions utilizes high resolution mass spectrometry and
multiple ionization methods. Chapter 4 details the development of a method utilizing
HPLC and tandem MS for the separation and detection of isomers generated by catalytic
upgrading of dihydroeugenol.
Chapters 5 and 6 discuss investigations of fundamental aspects of LIAD along
with development of new LIAD instrumentation. Chapter 5 describes an investigation of
petroleum-based samples’ desorption efficiency by use of SEM. Chapter 6 details the
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development and validation of an automated rastering stage for atmospheric pressure
LIAD.
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CHAPTER 2. INSTRUMENTATION AND EXPERIMENTAL PRINCIPLES

2.1 Introduction
Throughout the years, mass spectrometry has become a core analytical technique.1
Current uses of mass spectrometry include determination of molecular weight, structural
characterization of unknown compounds, peptide sequencing, and examination of
reaction kinetics.2-6 Several requirements are needed for MS experiments. The sample
must be ionized and in the gas phase for analysis. All mass spectrometers have these
requirements and also have the same general design, consisting of an ion source, mass
analyzer, and detector. The ion source, as the name suggests, is used to introduce the
sample into the gas phase and ionize it. The mass analyzer separates the ions based on
their mass-to-charge ratio, m/z, and these ions interact with the detector which allows for
the generation of a mass spectrum. The mass analyzers can be one of two major types,
scanning or trapping.1 Scanning instruments, such as time-of-flight (TOF) and
quadrupole mass spectrometers, pass ions through different sections of the instrument.
Trapping instruments, such as quadrupole ion traps (QIT) and Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometers contain ions over time in the same
section of the instrument.1
Part of the usefulness of mass spectrometry comes from the large number of
different experiments that can be performed and the complementary data that can be
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obtained from each experiment. Performing a single stage experiment yields a mass
spectrum which provides information on the compound’s molecular weight, elemental
composition, and charge state. Multiple stages of isolation of an ion and fragmentation
can be performed. These experiments are referred to as tandem mass spectrometry
(MSn).7 The most common type of information gained from tandem experiments is
structural information for ionized analyte molecules via collision-induced dissociation
(CID).8,9 This technique is explained in more detail in upcoming sections.
All instruments used in this thesis research discussed in this dissertation were
equipped with trapping mass analyzers. Four different linear quadrupole ion trap (LQIT)
mass spectrometers were used.10,11 One of these LQIT was also equipped with an
orbitrap, enabling high resolution data to be obtained. Another LQIT was equipped with a
laser system, enabling laser-induced acoustic desorption (LIAD) studies to be carried
out.12,13 All systems were equipped with a high-performance liquid chromatography
(HPLC) system, autosampler, and photodiode array (PDA) detector. Essential
fundamental knowledge on the instruments and methods used in this thesis research are
discussed in detail below.

2.2 Ionization Methods

2.2.1 Introduction
As mentioned above, one of the two requirements for mass spectrometric
experiments is that the sample must be ionized. Present day mass spectrometry benefits
from a wide variety of ionization methods, such as atmospheric pressure chemical
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ionization (APCI), atmospheric pressure photoionization (APPI), electrospray ionization
(ESI), desorption electrospray ionization (DESI), matrix-assisted laser desorption
ionization (MALDI), fast atomic bombardment (FAB), inductively coupled plasma (ICP),
field desorption/field ionization (FD/FI), laser desorption ionization (LDI), direct analysis
in real time (DART), electron ionization (EI), and chemical ionization (CI).14-30 This list
is non-exhaustive and simply demonstrates how versatile mass spectrometry is since each
of these ionization methods has their own strengths and weaknesses. To save time, only
those ionization methods which were used in the research discussed here will be
discussed.

2.2.2 Electrospray Ionization (ESI)
Electrospray ionization is a commonly used soft ionization method.31 It imparts
little energy upon ionization, thus making it ideal for fragile, thermally labile compounds
as this reduces fragmentation.30 In addition, ESI allows for the analysis compounds which
would normally be outside the mass range of the mass analyzer due to the fact that many
large compounds get multiply charged upon ESI, which reduces their m/z value.17,32
However, no method is without disadvantages. ESI ionizes most efficiently acidic and
basic compounds. In a mixture, the most acidic and basic compounds will be
preferentially ionized, even if all of the compounds in the mixture are acidic or basic.31
The process of ion generation upon ESI is first discussed (Figure 2.1). As a
general rule of thumb, compounds are mainly either protonated or deprotonated.
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Figure 2.1 Illustration of positive mode ion generation via electrospray ionization. The
selected area gives a closer view of the desolvation process and droplet formation leading
to analyte ion formation. The “S” and “M” stand for the solvent and analyte, respectively.

The first event in ESI involves a solution containing the analyte being flowed
through a metal needle which has several kVs (DC) applied to it.33It is important to note
that ions form in solution before they enter the ESI source. Due to this high voltage, the
solvent is sprayed out of the metal needle as a Taylor cone, forming many charged
droplets.31,34,35 These droplets shrink in size as they travel due to nitrogen gas, which
helps with desolvation.17 While the droplet size decreases, the charges present remain the
same, thus leading to a critical limit of charge density, called the Rayleigh stability
limit.31,36 At this point, the droplet’s surface tension can no longer overcome the
columbic repulsion and the droplet ejects progeny droplets from progeny jets.37,38 This
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process is repeated, each time at a faster rate due to an increasing charge-to-volume ratio.
Eventually, all of the solvent will be gone and only ions remain.31
Two models, the ion evaporation and charge residue model, have been proposed
to explain the vague transition of small droplets to solvent-free ions (Figure 2.2).39-42
Based on the ion evaporation model, solvated ions have enough charge to be ejected from
droplets with little to no solvent remaining on them. The charge residue model involves
the formation of ions after enough iteration of progeny droplets has been completed to
reduce the amount of solvent to little or none.

Figure 2.2 Schematic for the ion evaporation and charge residue models.
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2.2.3 Atmospheric Pressure Chemical Ionization (APCI)
Much like ESI, APCI is also considered a soft ionization method that can generate
ions with minimal fragmentation.14,43 The major difference between APCI and ESI is that
APCI forms ions via chemical ionization (Figure 2.3).14,15,44

Figure 2.3 Illustration of positive mode ion generation via APCI. The highlighted area
shows several species generated by the corona discharge needle. The “M” stands for the
analyte.

Initially, solvent containing the sample is sprayed through a ceramic travel tube
which is heated. Nitrogen nebulizing gas is also introduced at this point to help turn the
solvent spray into a fine mist and assist with desolvation. Upon exiting the heated
ceramic travel tube, the desolvated neutral sample molecules travel through a region with
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a corona discharge needle (3-6 kV). The tip of the needle generates plasma which ionizes
the nitrogen gas. Ionized nitrogen gas then feeds into a series of chemical ionization
reactions which end with the sample being ionized (Figure 2.4).

Figure 2.4 Schematic of ion generation cascade during APCI.43

2.3 Linear Quadrupole Ion Trap (LQIT) Mass Spectrometer

2.3.1 Introduction
The first paper featuring a LQIT was published in 2002. This instrument used the
same principles as 3D quadrupole ion traps.10,11,45,46 The use of a linear trap instead of
one with 3D geometry enabled several improvements. Trapping efficiency of LQIT
instruments is six times higher than that of quadrupole ion trap (QIT) instruments.11 In
addition, the trapping capacity is about fifteen times higher.11 These improvements allow
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for a lower limit of detection and increased sensitivity. The LQIT also boasts higher
resolution than the traditional 3D QIT.11

2.3.2 Instrument Overview
All experiments discussed in this dissertation were performed using Thermo
Scientific LTQ LQIT mass spectrometers in addition to a Thermo Scientific LTQOrbitrap mass spectrometer.11,47 Each instrument was coupled with a Surveyor highperformance liquid chromatography (HPLC) system with an autosampler. Dell PC
workstations with XCaliber software were used to control the instrument and acquire and
analyze data. Both ESI and APCI were used for generation of ions and are easily
interchangeable.47 Ion source atmospheric pressure laser-induced acoustic desorption
(LIAD) experiments were performed on these mass spectrometers.

Figure 2.5 Schematic of a Thermo Scientific LTQ LQIT mass spectrometer. Pressures are
included for each region along with the respective pumping method.
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The LTQ can be broken apart into four major parts; the atmospheric pressure
ionization (API) stack, ion optics, mass analyzer, and detector (Figure 2.5). Due to the
instrument being differentially pumped, each section has a different pressure. In the order
from the first turbo inlet to the third turbo inlet, the pressures are 0.05 torr, 1 mtorr, and
10 µtorr, respectively (Figure 2.5). To better describe the LTQ, the lifetime of an ion,
from generation to detection, will be followed. Ions are first generated in the Ion Max
box at atmospheric pressure. Both ESI and APCI were used and are easily
interchangeable and adjustable in the x, y, and z direction (Figure 2.6). This helps to
optimize the ion plume location and signal.

Figure 2.6 Image of a Thermo Scientific Ion Max API box. Movement of the ionization
source in the x, y, and z directions is indicated.
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The ions are then pulled into the API stack by a negative pressure gradient, due to
the Ion Max box being at 760 torr and the inside of the API stack being at 1 torr. Two
Edwards E2M30 rotary-vane mechanical pumps maintain the pressure of the API stack.
These mechanical pumps also help to back a Leybold Tw220/15r0/15S triple-inlet
turbomolecular pump. After entering the API stack, the ions travel through a heated
transfer capillary (200-300 oC). This is the final stage of desolvation of the ions before
they are detected. Since the API stack connects the atmospheric ion source with the ion
optics, there must be measures put in place to limit the number of neutral molecules
which pass through the API stack. A post-capillary tube lens helps to focus the ions at an
angle so they can enter the off-axial ion optics (Figure 2.7).This geometry helps to
prevent neutral molecules from entering the ion optics region.

Figure 2.7 Illustration of the tube lens-skimmer cone region of the API stack. The offaxial entrance of the skimmer cone prevents neutral molecules from entering the ion
optics region.
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A DC voltage is applied to the off-axial tube lens, diverting ions off-axial so they
can enter into the ion optics region. Neutral molecules will be blocked from entering the
ion optics by the skimmer cone. It is important to note that the tube lens does induce a
mass bias. At low tube lens voltages, more low mass ions will pass into the ion optics
while at higher tube lens voltages, more high mass ions will pass into the ion optics. The
voltage applied to the tube lens also adds kinetic energy to the ions. With pressures
ranging between 50 mtorr – 1 torr, adding too much kinetic energy to ions can lead to
fragmentation. This is due to the high pressure in this region, which leads to collisions of
the ions with neutrals or other ions.

Figure 2.8 Illustration of a typical ion transfer potential gradient for positive ions. The
DC voltage values shown are examples only and were not the actual values used.
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After passing the skimmer cone, the ions enter the ion optics region. Assuming
that positive ions are being analyzed, a negative voltage gradient helps to move ions
through the optics region (Figure 2.8). Two ion lenses, two square quadrupoles, and an
octupole create the ion optic setup. The three multipoles help to transfer a collimated
beam of ions from the API stack to the mass analyzer. The two ion lenses act both as a
vacuum baffle between differing pressure regions and as a means to refocus the ion
beam.

Figure 2.9 Schematic of a LQIT with each region of the x-y rods highlighted.

Once the ions traverse the ion optics they enter the mass analyzer (Figure 2.9). In
the Thermo Scientific LTQ the mass analyzer consists of four hyperbolic rods which are
each divided into three sections; front, center, and back. A quadrupolar field is used to
radially trap the ions by applying opposite phases of an RF voltage to the x and y axis rod
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pairs (±5 kV, 1.2 MHz). The ions are trapped in the z-direction by use of a potential well
generated from a DC voltage to all sections of the mass analyzer, with the middle section
at a lower voltage than the front and back sections. After successfully trapping the ions,
they can be excited and detected by use of a supplemental RF voltage which is applied to
the x-rods. This supplemental RF voltage has a frequency resonant with the ions being
ejected for detection. Slits in the x-rods allow for excited ions to be ejected from the
LQIT into the detector. Two pairs of conversion dynodes and electron multiplier tubes
reside on each side of the LQIT to detect the ions (Figure 2.5).

2.3.3 Ion Motion in the LQIT

2.3.3.1 Introduction
Ions are trapped in the radial direction by the use of an RF field applied to the x-y
rods of the trap. This field consists of two phases with a constant frequency of 1.2 MHz
that are 180o out of phase, with opposite rods having an RF voltage the same polarity and
amplitude applied to them. A supplementary RF voltage is applied in addition to the main
RF voltage for excitation, isolation, and ejection of ions. The RF voltage is dipolar, and
has variable frequency but a set amplitude. Ions are trapped in the axial direction by a
potential well generated by applying different DC voltages to each section of the trap.
The radial and axial motion of ions is discussed in further detail below.11,46-49
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2.3.3.2 Radial Motion
The DC and RF voltages applied to the hyperbolic rods of the LQIT give the
quadrupolar potential ( 0 ):

0  (U  V cos t)

(2.3.1)

where U is the DC voltage, V is the zero-to-peak amplitude of the RF voltage, Ω is the
angular frequency (2πν) of the main RF voltage, and t is time. Ions present within the
LQIT experience this potential in the x and y directions (Fx , Fy) as described by
equations (2.3.2) and (2.3.3):
Fx  m
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d
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2
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d 2y
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where the potential in the x-y plane can be written as
Fy  m

( x ,y ) 
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r02
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(2.3.2)
(2.3.3)

(2.3.4)

where m is the mass of the ion, z is the number of charges of the ion, e is the elementary
charge, and r0 is the radius of a circle inscribed within the space of the four rods. These
equations can be rearranged into equations which describe the radial motion of trapped
ions:

d 2 x 2ze

(U  V cos t )x  0
dt 2 mr02

(2.3.5)

d 2 y 2ze

(U  V cos t )y  0
dt 2 mr02

(2.3.6)

These equations resemble the general form of the Mathieu equation:
d 2u
 (au  2qu cos2 )u  0
dt 2

(2.3.7)
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If variables are changed so that:
t
(2.3.8)
2
the equations of the ion’s radial motion, (2.3.5) and (2.3.6), can be expressed in terms of



the Mathieu equation:
au 

8 zeU
mr02 2

(2.3.9)

qu 

4 zeV
mr02 2

(2.3.10)

wherein
au  ax  ay

(2.3.11)

qu  q x  qy

(2.3.12)

The values of au and qu are known as the Mathieu stability parameters. These
values must be located within a stable region on the Mathieu stability diagram for the ion
to have stable motion within the LQIT (Figure 2.10).
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Figure 2.10 Illustration of the region of the Mathieu stability diagram utilized in LQIT
mass spectrometers. Each colored circle corresponds to an ion of a specific m/z value,
with larger circles representing larger value. Ions located within the central area (not
marked with x-unstable or y-unstable) of the graph possess stable x and y trajectories.

Practically, only a small section of above diagram is used for a LQIT, because for
most of the time it is operating with a value of au=0 in order to trap ions with the widest
possible mass range (Figure 2.10). The secular frequency (ωu) of the trapped ions is
defined as:
1
2

u  u 

(2.3.13)

where βu is defined as:
1
(2.3.14)
2
as long as qu is less than 0.4. If 0 < βu < 1, then the trapped ions possess stable motion.46

u  (au  qu2

Based on the secular frequency equation (2.3.13), the maximum secular frequency of a
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trapped ion is half of the RF angular frequency of the ion. Considering the equation for qu
(2.3.10), it becomes apparent that the ion mass is inversely proportional to the qu value.
Therefore, smaller ions will have larger qu values and will also have higher ωu values than
larger ions.
Ions trapped in the LQIT are trapped by a pseudopotential well (Du), defined as:
quV
(2.3.15)
4
Since ions that have lower m/z values will have higher qu values, they will be deeper in
Du 

the pseudopotential well than ions with greater m/z values.48 The well depth is a major
factor in the determination of the correct RF voltage when doing resonant excitation or
ejection of an ion.

2.3.3.3 Axial Motion
Once inside the LQIT, ion axial movement is controlled by DC potentials applied
to all three sections of the trap (Figure 2.11). Figure 2.11 shows the DC potentials applied
to the front and back lens along with the LQIT sections during injection, trapping, and
mass analysis.47 To ensure that the ion packet remains at the middle of the LQIT during
mass analysis, the center section is kept at the lowest potential. Ions located in the middle
of the LQIT experience minimized fringe field effects from the front and back lenses and
are ejected through the x-rods more efficiently.11
Along with the DC potential well, helium buffer gas is used to maintain a
centered ion packet.50 Upon reaching the LQIT, ions pick up kinetic energy due to the
progressive DC potential drops. Collisions within the LQIT between the ions and buffer
gas help reduce the kinetic energy of the ions, leading to more efficient trapping.11 The
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instruments used in the experiments discussed here had helium gas introduced into the
LQIT region at 3 mtorr.11 Too low helium pressure does not lead to efficient trapping of
ions while too high helium pressure results in reduced resolution.

Figure 2.11 Diagrams of DC voltage potentials applied to the front and back lenses and
the three sections of the LQIT trap; front, middle, and back. The diagrams depict (a) ion
injection, (b) ion trapping, and (c) mass analysis. It is worthy to note that the voltages of
the front and back lenses are greatly increased during mass analysis to ensure that all ions
are kept in the center of the trap.
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2.3.4 Ion Ejection and Detection
Ion detection can only occur once ejection from the LQIT has occurred. Ejection
is performed by ramping up the main RF voltage on the x-rods. This increases the qu
values of each ion, see equation (2.3.10), until the ion’s motion becomes unstable.
Ejection of ions of lower m/z value occurs before ejection of ions of higher m/z values.
The edge of stability on the Mathieu stability diagram is qu=0.908 (Figure 2.12). Once
ions reach this value their motion becomes unstable and they are ejected from the LQIT.
This event is known as mass selective axial instability scanning.50

Figure 2.12 Illustration of (a) non-resonance ion ejection and (b) resonance ion ejection.
(a) Under normal conditions, as the main RF voltage is ramped, ions’ qu values increase
until they reach 0.908 at which point the ions are ejected. (b) When a supplemental RF
voltage is applied on top of the main RF voltage, the qu values of ions increase until they
reach 0.880, at which point they are in resonance with the frequency of the supplemental
RF and are ejected. Using resonance ion ejection decreases scan time, increases mass
range, and increases resolution.
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Use of the naturally occurring stability limit of 0.908 results in low resolution due
to all ions of the same m/z value not being ejected at the same time.51 To overcome this,
LQIT instruments use resonance ion ejection, which causes the ions to be ejected at
qu=0.880.11,51 Resonance ion ejection is performed by applying a supplemental RF
voltage in addition to the main RF voltage on the x-rods. The supplemental RF voltage
has a lower amplitude and frequency (±5-50 V, 400 kHz) than the main RF voltage (±5
kV, 1.2 MHz). As the main RF voltage is ramped, ions are brought into resonance with
the frequency of the supplemental RF voltage, which increases the ions’ kinetic energy
and increases the amplitude of their oscillations. The increased oscillation amplitude
causes the ions to be ejected as a more coherent packet, enabling ejection of ions and
increased mass range and resolution. 51-53

Figure 2.13 Illustration of radial ejection of ions out of the trap and into a conversion
dynode and subsequent generation and detection of secondary particles by a conversion
dynode and electron multiplier.
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Ejected ions are detected by a pair of conversion dynodes and electron multiplier
tubes (Figure 2.13). By having these on each side of the LQIT, all ions ejected are
detected instead of just ions from a single side.11,48 The conversion dynodes attract
ejected ions due to a potential of ±15 kV applied to them. Once ions come into contact
with the conversion dynode, they are neutralized and produce secondary particles.
Secondary particles can be positive ions, negative ions, electrons, and/or neutral
molecules. Which particles are produced depends on whether the ions are positively or
negatively charged. The conversion dynode surface is curved, producing a focusing effect
for secondary ions as they are repelled into the electron multiplier tube by the same
voltage gradient which initially attracted the analyte ions.
When a secondary particle collides with the wall of the electron multiplier tube, a
cascade of electrons is produced through secondary emission and once the electron
cascade reaches the anode a current is produced. The number of electrons eventually
hitting the anode is proportional to the number of secondary electrons which is
proportional to the number of ions which collide with the conversion dynode.

2.3.5 Tandem Mass Spectrometry (MSn)

2.3.5.1 Introduction
One of the main reasons why mass spectrometric analysis is so powerful is
because of the ability to perform tandem mass spectrometry experiments.7,54,55 A tandem
mass spectrometry experiment consists of isolation followed by fragmentation and
detection.7 Tandem experiments within a LQIT are tandem in time, with all events
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occurring at the same location but sequentially.55 All tandem mass spectrometric
experiments discussed here began with isolation of an ion of a single m/z value followed
by collision-induced dissociation (CID). The following sections feature an in-depth
discussion of ion isolation and CID within a LQIT.

2.3.5.2 Ion Isolation
The first step taken when isolating ions of a single m/z value is to move all ions of
that m/z value to a qu value of 0.830 by increasing the main RF voltage (Figure 2.14).
This causes many of the ions with smaller m/z values to be ejected due to their qu values
being outside of the stability range on the Mathieu stability diagram. While the desired
ions is still have qu=0.830, a broadband waveform is applied to the x-rods to eject all ions
that do not have qu=0.830. This waveform is a 5-500 kHz multi-frequency waveform
with sine components spaced every 0.5 kHz (Figure 2.14). A notch is programmed into
the waveform at qu=0.830, allowing all ions of the desired m/z value to remain in the trap
during the process.11 At this point, the only ions left will be those of the desired m/z
value. This packet of ions is then given qu=0.250 (Figure 2.14). As discussed above
(equation 2.3.10), lighter ions will have higher qu values. Since the next step after
isolation is CID, it is desirable to ensure that the maximum number of fragment ions have
values within the stable region of the Mathieu stability diagram.
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Figure 2.14 Illustration of ion isolation, activation, and dissociation in the LQIT. (a) The
desired ion (green) is trapped with multiple other ions of greater and smaller m/z values.
(b) The main RF amplitude is ramped until the desired ion is moved to a qu value of
0.830, resulting in the ejection of the majority of ions with smaller m/z values. (c) While
the main RF voltage is held constant a specially tailored isolation waveform is applied,
ejecting ions with all other m/z values besides those having qu = 0.830. (d) Once all
undesired ions have been ejected, the main RF voltage is decreased until the desired ion
has qu=0.250. After this, the ion is activated and fragmented using CID. Performing
activation of anion with qu=0.250 ensures high trapping efficiency of the fragment ions of
lower m/z values.
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2.3.5.3 Collision-Induced Dissociation (CID)
Once ions of the desired m/z value have been isolated and moved to qu=0.250,
CID is employed. While the value of 0.250 is the default value, other values can be
employed. A lower qu value results in less energy per collision for the excited ions during
CID than a higher qu due to lower kinetic energy of oscillating. If an ion is particularly
stable, it may be desirable to increase the qu value above 0.250, resulting in the input of
more internal energy into the ion during the CID event. However, as a result, the lowmass cut-off for ions that can be trapped increases. Hence, this decision must be made
intelligently based on the m/z value of the fragmenting ion and expected fragment ions.11
While this option exists, all experiments discussed here used qu=0.250 for CID. As a
result, any fragment ions with m/z values less than 25% of the parent ion could not be
trapped.
To kinetically excite the trapped ions, a small RF voltage was applied to the xrods at the resonance frequency of the isolated ion.56 This voltage is referred to as the
“tickle voltage” and it typically had an amplitude of <1 V peak-to-peak (Vp-p). The
default excitation time is 30 ms and while it can be changed, all of the experiments
discussed here used 30 ms. With an amplitude of <1 Vp-p, the tickle voltage does not give
sufficient energy to ions to cause their ejection but it does increase the oscillation
amplitude of the motion of the ions, leading to higher energy collisions with the helium
buffer gas. Each of these collisions converts only a small amount of kinetic energy into
internal energy of the ion, due to the small mass of helium.54 However, as multiple
collisions happen, the internal energy of the ion increases until it has enough energy to
overcome a fragmentation barrier. Since the internal energy is deposited into the ions in a
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stepwise manner, and only a small amount in each collision, the lowest energy
fragmentations dominate. It is important to note that the tickle voltage used to induce
fragmentation is only resonant with ions of m/z values which qu=0.250. Therefore,
fragment ions will not be excited and further fragmented. After the CID event is
complete, the ions in the LQIT are scanned out and detected to produce a mass spectrum.

2.4 High-Performance Liquid Chromatography/Mass Spectrometry (HPLC-MS/MS)
Direct analysis of samples by using tandem mass spectrometry is an extremely
powerful analytical technique which can be improved even more by coupling HPLC to it.
By using HPLC before a mass spectrometer, one can separate and analyze isomers and
complex mixtures. In addition, if only trace amounts of an analyte are present in a
mixture, it is possible to separate and detect the analyte.57,58 Coupling of HPLC and
MS/MS has been simplified by the invention of atmospheric pressure ionization methods,
such as APCI and ESI, since HPLC is more compatible with atmospheric pressure
ionization systems than vacuum ionization systems.
In all experiments discussed here a Thermo Scientific Surveyor HPLC system
equipped with a quaternary pump, autosampler, thermostatted column compartment, and
photodiode array (PDA) were employed. For all experiments, reverse-phase
chromatography was used. The mobile phases used were methanol, acetonitrile, and/or
water, depending on the experiment. Zorbax SB-C18 and Zorbax SB-Phenyl columns
were used at a temperature of 30 oC. A volume of 25 µL of all samples was loaded into
the column by using the autosampler.
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2.5 Laser-Induced Acoustic Desorption (LIAD)

2.5.1 Introduction
The first paper on LIAD was published 1985 when it was tested as a new
desorption/ionization technique.59 This technique is based on hitting the front side of a
foil substrate with a laser pulse. This laser pulse generates acoustic waves which then
interact with and desorb compounds which have been deposited on the backside of the
foil.59-63 However, only neutral compounds were desorbed upon LIAD. Hence, the
technique was viewed as a failure.60-62 This researched paved the way for the Kenttӓmaa
lab to establish LIAD purely as a desorption technique for thermally-labile neutral
compounds for MS analysis involving an independent ionization step.63 One of the most
important advantages of LIAD is that the sample introduction into the gas phase and
ionization are not coupled like for many commonly used evaporation ionization
techniques (MALDI, APCI, ESI, etc.). Using LIAD allows for optimal ionization
conditions to be selected based on the type of molecules to be analyzed without worrying
about sample introduction into the gas phase.63-69
Classic soft evaporation/ionization techniques, such as ESI and MALDI, lack
control over the types of ions generated and show a bias toward polar species.31 Use of
LIAD combined with an independent ionization method has proven helpful in aiding with
MS analysis of samples, such as petroleum related samples and biopolymers along with
explosives.64,70-75 All experiments discussed here used a 532 nm Continuum Minilite 1
Nd:YAG laser for LIAD. Each pulse (10 Hz) ranged from 3-5 ns with a nominal power
of 12 mJ and a beam diameter of 3 mm out of cavity. Kinematically mounted high-power
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reflective mirrors were used for beam alignment. All experiments were performed using
titanium foil of 12.7 µm thickness.

2.5.2 Generation of Acoustic Waves
Generation of acoustic waves begins by focusing the laser pulse onto the backside
of the titanium foil over an area of 10-3 cm2 (Figure 2.15). Rapid heating of this area
results in the metal becoming molten and bubbling.76 Aggressive bubbling leads to
ablation of the metal, producing acoustic waves traveling in the opposite direction,
dictated by the conservation of momentum.77 The acoustic waves travel through the foil
and interacts with the deposited sample on the other side, leading to desorption of neutral
sample molecules.12,13,63,64,78-80
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Figure 2.15 Illustration of the LIAD process. (1) A focused laser beam is absorbed by the
Ti foil. (2) The Ti foil is rapidly heated and melts at the irradiated spot. (3) Molten metal
is ablated off of the foil. (4) The ablation of metal generates acoustic waves which
traverses the metal foil, interacting with the deposited sample molecules. (5) Sample
molecules are desorbed as low energy neutral molecules.
.
2.5.3 Sample Desorption
The desorption mechanism(s) for LIAD have long been ambiguous, with many of
the characteristics of LIAD contradicting proposed mechanisms. These characteristics are
as follows: sample molecules are desorbed with low kinetic and internal energy, the
kinetic and internal energy of the molecules is not proportional to the laser power density,
and while a thermal wave is generated upon LIAD it does not interact with the sample in
a way that causes thermal desorption.62,63,65,78,80,81
Originally, a “shake-off” mechanism was proposed.59 For this mechanism, the
sample was simply shaken off by the acoustic waves. However, based on this mechanism
the kinetic energy of the desorbed molecules and the laser power density would need to
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be proportional, which is not observed.80 In addition, it would be expected that most of
the sample would be desorbed at the moment when the acoustic waves reaches the outer
edge of the foil. However, literature studies have shown that while the acoustic waves
interact with the sample side of the foil within 1 µs of the laser pulse interacting with the
foil, desorption does not occur until over a timeframe of tens of µs.68
A newer mechanism, suggested by Zinovev in 2007, proposes that LIAD
desorption depends on surface strain.68 As the sample is deposited and settles on the foil
surface, it does not settle in the optimal manner, leading to strain which stores potential
energy.82 Upon interaction with the acoustic waves, the surface is broken and this
potential energy is released. This creates sites on the surface where sample is desorbed.68
Unlike the shake-off mechanism, this mechanism is in agreement with the observed
disconnection between the energy of the desorbed molecules and the laser power density
as the energy absorbed by the desorbed molecules comes from the potential energy stored
in the film strain, not the acoustic waves. Also, the delayed desorption can be explained
by this mechanism as it would take time for the desorption sites to form after interaction
with the acoustic waves.

2.5.4 LIAD Probe and Rastering Stages

2.5.4.1 Atmospheric Pressure Fiberless Probe
A fiberless LIAD probe coupled to the Ion Max box was used for all experiments
(Figure 2.16).12 This probe was developed to overcome the poor reproducibility and loss
of power associated with previous fiberless and fiber probes.12,13,80 In this new probe, a
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pair of telecentric lenses is used to focus and recollimate the laser beam. A third lens is
used to focus the laser on the backside of the Ti foil. Brass tubes are used to hold the
lenses. The tubes have holes drilled in the side to allow for heated air to escape. More
detailed specifics of the ion source atmospheric pressure fiberless probe are available in
the literature.12

Figure 2.16 Photo of the fiberless LIAD probe. The bottom section screws onto the top
section. The direction of the laser beam is indicated to show how the probe’s two pieces
assemble together.

2.5.4.2 Manual and Automated Rastering Stages
Earlier experiments were performed using a manually operated rastering stage
designed for ion source atmospheric pressure LIAD (Figure 2.17).12 The rastering stage
was designed to increase the surface area sampled compared to the initial atmosphericpressure LIAD stage, allowing for longer experiments which provide more data and
higher S/N (Figure 2.18).12 While the manual rastering design allowed for these
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improvements it required at least two people to perform an experiment, as one could not
run the raster stage and the instrument at the same time. Furthermore, the rastering speed
varied during runs and between runs. To eliminate these problems, the manual stage was
eventually converted into an automated rastering stage (Figure 2.19). Since the automated
LIAD stage was run by a LabView program, a single person could run an ion source
atmospheric pressure LIAD experiments and rastering speed consistency was no longer
an issue.

Figure 2.17 Photos of the (a) front and (b) back sides of the manual raster LIAD stage.
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Figure 2.18 Photo comparing a raster LIAD experiment to a circular LIAD experiment.
The raster LIAD experiment covers roughly 133 mm2 whereas the circular LIAD
experiment only covers about 27 mm2. The increased area of sampling gives longer
experiment time and more data, which translates into increased S/N. Reprinted with the
permission from Borton, D. J.; Amundson, L. M.; Hurt, M. R.; Dow, A.; Madden, J. T.;
Simpson, G. J.; Kenttämaa, H. I. Anal. Chem. 2013, 85, 5720. Copyright 2013 American
Chemical Society.

Figure 2.19 Photos of the automated raster LIAD stage.
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2.5.5 Metal Foil
The success of a LIAD experiment is highly dependent on the type of metal foil
used along with the foil’s thickness. Previous research has shown that for the
experimental setup in our laboratories, Ti foil works better than other foils tested.79 A
comparison of the tested foils’ two parameters, thermal conductivity and reflectivity, is
provided in Table 2.1.83 Low reflectivity and thermal conductivity are desired as this
would result in greater absorption of the laser pulse by the foil and minimal heating of the
foil, respectively. Ti has some of the lowest values for these parameters when compared
to the other metals. As mentioned, foil thickness also plays a key role in LIAD. All
experiments discussed used 12.7 µm foil. Foils with thickness >20 µm show attenuation
of the acoustic waves, limiting desorption, while foils with thickness <5 µm are
perforated by the laser pulse.62

Table 2.1 Important properties of metal foils used for LIAD.
Metal
Ag
Al
Au
Cu
Fe
Mo
Ni
Ta
Ti

Thickness
(µm)
12.5
10.0
10.0
12.5
12.5
12.5
12.5
12.5
12.7

Thermal Conductivity
(W•cm-1•K-1)
4.29
2.37
3.18
4.01
0.804
1.38
0.907
0.575
0.219

Reflectivity
(at 532 nm)
0.81
0.91
0.81
0.62
0.57
0.58
0.61
0.37
0.50
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2.5.6 Sample Preparation
Sample preparation is another critical step to ensure a successful LIAD
experiment. While multiple different deposition methods can be used, consistent
deposition should be a primary concern. A drying gas chamber was used for all
experiments discussed here (Figure 2.20).12

Figure 2.20 Drying gas deposition chamber. Two steel forming mandrels are shown in
the picture, as one enables to user to deposit two samples on the same foil, while the
other mandrel is used for a single sample being deposited.

A square cut Ti foil was placed between a Teflon foil holder and stainless steel
forming mandrel. The entire chamber is fastened down using four screws and the steel
top. The sample was dissolved in a volatile solvent, such as carbon disulfide or
dichloromethane, and slowly pipetted into the drying chamber until the foil was covered
by solvent. A needle connected to a dry argon gas line was positioned so a low flow rate
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of argon blew into the hole of the chamber lid. Once the solvent was evaporated, more
sample was pipetted in, repeating this process until all sample had been added. In
addition, some manual shaking of the chamber was necessary to ensure equal spread of
the sample over the foil. The drying chamber, while not a perfect deposition chamber,
allowed for more reproducible deposition than previous methods (Figure 2.21).12

Figure 2.21 Comparison of sample deposition between (a) the dry drop method and (b)
the drying gas deposition box. Use of the deposition box gives more uniform deposition
of sample on the foil compared to the dry drop method. Reprinted with permission from
Borton, D. J.; Amundson, L. M.; Hurt, M. R.; Dow, A.; Madden, J. T.; Simpson, G. J.;
Kenttämaa, H. I. Anal. Chem. 2013, 85, 5720. Copyright 2013 American Chemical
Society.

2.6 Scanning Electron Microscopy (SEM)
Early work in electron optics lead to the first working SEM in 1942.84 Since then
SEM-based topographical imaging applications have grown. In addition to topographical
information, SEM can also provide imaging up to 1.5 nm below the surface.85 Common
applications include looking at surfaces, cross sections, and nanometer/subnanometer
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particles on materials.85 Recent developments even allow for in situ microscopy and the
analysis of nonconductive samples without the need of metal sputtering.84,85
A typical layout of a SEM instrument consists of an electron source, electron
optics, a sample chamber, and a detector. The detection method used in all experiments
discussed here is secondary electron detection. All samples were fixed to a metal stage
using double-sided carbon tape and were imaged without any further sample preparation.
A FEI Philips XL-40 SEM instrument was used and all samples were imaged with beam
energies between 5-10 kV.
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CHAPTER 3. QUANTITATIVE CHARACTERIZATION OF BIO-OIL OBTAINED
FROM FAST PYROLYSIS OF SORGHUM BIOMASS BY USING LIQUID
CHROMATOGRAPHY/HIGH-PERFORMANCELIQUID
CHROMATOGRAPHY/TANDEM MASS SPECTROMETRY

3.1 Introduction
It is no secret that the world runs on liquid fuel. With the vast majority of liquid
fuels being produced from fossil-based sources, a renewable replacement is badly
needed. One promising possibility is biofuel, which is generated by fast pyrolysis of
biomass.1-3
While bio-oil has historically been produced through pyrolysis, fast pyrolysis
offers multiple advantages. A few of these advantages include increased liquid product
yield and short production time. To achieve fast pyrolysis, the reactor is kept at a
temperature close to 500 oC while maintaining an oxygen-free environment, achieved by
introducing the biomass into the reactor with nitrogen and/or helium. To allow for high
heating and heat transfer rates, the biomass is ground to a suitable mesh value. Finally,
the product vapors only reside in the reactor for a short time, usually only a second or
two.4,5
Unfortunately, bio-oil produced by fast pyrolysis of biomass is a highly complex
mixture with hundreds of compounds.6-8 In general, the types of compounds present in
bio-oil include carboxylic acids, esters, ethers, alcohols, aldehydes, ketones, furans,
carbohydrates, aromatics, phenols, and benzenediols.7,9 Furthermore, the bio-oil contains
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large quantities of water, is highly acidic, has low stability, and still contains a relatively
high amount of oxygen and double bonds compared to fuel.4,5,10
The contents of bio-oil depend heavily on the biomass feed-stock and the
conditions of the fast pyrolysis reactor.9,11 Many methods have been developed to analyze
portion of bio-oil, such as lignin, carbohydrates, or phenols.6,12-15 More robust methods
have also been developed in order to enable the analysis of all compounds present in biooil.8,16-18 Of these methods, some aim to perform a mass balance. Unfortunately, these
mass balance methods do not achieve complete enough mass balance. One method
utilizing gas chromatography – mass spectrometry (GC-MS) can achieve about 40%
mass balance.18 Recently, a mass balance close to 90% was reported.19 This was
achieved using a combination of gas chromatography, high-performance liquid
chromatography (HPLC), ion chromatography (IC), gel permeation chromatography
(GPC), and Karl-Fischer titration. The problem with this approach is the multitude of
techniques that are necessary. This limits the general usefulness of this method.
HPLC-MS was chosen as the technique based on which a new, non-biased, and
less instrument intensive method will be developed to achieve a more complete mass
balance. Based on literature, HPLC-MS has been successfully used for the analysis of
fractions of bio-oil, such as lignin.20-23 However, HPLC-MS has not been used to analyze
and quantify the whole bio-oil.
In this work, methods were developed that achieve a highly complete mass
balance for sorghum bio-oil. These method are based on high-performance liquid
chromatography/mass spectrometry coupled with ESI and APCI. The methods used in
the study have been developed by our lab and are well validated for the analysis of
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biomass-derived compounds, including dimers.14,22-26 Before HPLC-MS analysis, the biooil was fractionated using an automated column. Fractionation of the bio-oil allows
proper HPLC-MS methods to be used for each fraction, allowing for a more complete
mass balance. Analysis of bio-oil fractions was assisted by a newly written data
extraction program, MICE, written by John Degenstein. The structures of unknown
compounds were verified by a combination of collision-induced dissociation (CID), high
resolution data, and literature.

3.2 Experimental

3.2.1 Materials
1,6-Anhydro-β-D-cellobiose and levoglucosan were purchased from Carbosynth
Limited (Berkshire, UK). Glycolaldehyde dimer, 4-ethylphenol (99%), coniferylaldehyde
(98%), guaiacol (98%), syringaldehyde (98%), and eugenol (99%) were purchased from
Sigma-Aldrich (St. Louis, MO). Ethanol (99.5%) was obtained from VWR (Radnor, PA).
Glacial acetic acid was purchased from Millinckrodt (Hazelwood, MO).
Guaiacylglycerol-β-guaiacyl ether (99%) was purchased from TCI America (Portland,
OR). 5-(Hydroxymethyl)furfural (99%) was obtained from SAFC (St. Louis, MO).
Vanillin (99%) was purchased from Acros (Geel, BE). Coniferyl alcohol (98%) was
purchased from Alfa Aesar (Ward Hill, MA).
The bio-oil used was produced from sorghum biomass. The biomass was dried
and milled till it consisted of 40 mesh particles. The sorghum bio-oil was stored at 2 oC
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degrees and all of its fractions were refrigerated. Storage of the bio-oil at above
temperature allows for a much extended shelf life.27

3.2.2 Fast Pyrolysis Cyclone Reactor
The reactor system used for the production of the sorghum bio-oil has previously
been described in detail.1 The reactor is a continuous-flow, lab-scale, high-pressure fast
pyrolysis cyclone reactor. The biomass was fed into the reactor using a screw feeder and
a flow of 22 bar He and 3 bar N2 while the reactor was held at 480 oC.

3.2.3 Automated Liquid Chromatography Column Separation
Bio-oil fractionation was performed using an automated liquid chromatography
column, however before bio-oil fractionation could be performed the method had to be
optimized using a model mixture. The model mixture contained glycolaldehyde, ethanol,
acetic acid, 5-(hydroxymethyl)furfural, cellobiose, levoglucosan, eugenol, vanillin,
coniferylalcohol, and guaiacylglycerol-β-guaiacyl ether. An equimolar aqueous solution
was prepared from above model compounds at a concentration of 50 µM.
For the separation of the undiluted bio-oil, 115 µL of boi-oil was used without
any sample preparation. Diluted bio-oil was prepared by dissolving 115 µL of bio-oil in 5
mL of 50:50 acetonitrile and water. A Teledyne ISCO Combiflash RF 200 automated
column equipped with a Teledyne ISCO 340CF evaporating light scattering detector
(ELSD) was used for detection of UV inactive compounds. The ELSD drift tube was set
to 90 oC, the ELSD spray chamber was set to 50 oC, and the ELSD signal gain was set to
the most sensitive setting, “HPLC”. A diode array detector was also available for the
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automated column and was set at 215 nm and 254 nm. The separation was performed
using a RediSep Rf 43g C18 column with a non-linear gradient of water and acetonitrile.

3.2.4 Automated Liquid Chromatography Column’s Dilution Factor
Stock solutions of 4-ethylphenol (2.75 mM), vanillin (2.19 mM), and
coniferylaldehyde (1.87 mM) were made in methanol and then diluted by a factor of a
hundred. 115 µL of each diluted stock solution were run through the automated column
concurrently. The sample was analyzed using ESI(-) doped with sodium hydroxide, as
described below, along with eugenol as an internal standard. Quantification of the sample
was performed as described below. The ratio of the measured, post-automated column
and starting concentrations of the three compounds gives the dilution factor for a sample
being run through the automated column.

3.2.5 Ionization Using APCI(-) Doped with Chloroform and Subsequent Quantification
This ionization method has previously been described in detail for mainly the
analysis of carbohydrate compounds.14,26 An Agilent single-quad MS, located in the
Riberio laboratory, outfitted with an APCI source and an Agilent 1200 LC with a diode
array detector and refractive index detector (RID) was used. The column used was a 300
mm Rezex ROA column by Phenomenex. An isocratic flow of water with 0.1 wt%
formic acid at a flow rate of 0.5 mL/minute was used. The column area was kept at 80 oC
and the RID was kept at 55 oC. An equimolar mixture of chloroform and methanol was tinfused into the APCI source to enable chloride attachment ionization. APCI conditions
were as follows: 300 oC vaporizer temperature, negative ion mode, 5 L/minute N2 flow
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rate, 10 µA corona current, capillary voltage of 3 kV, and fragmentor voltage of 2 V. All
quantification with this instrumental set-up was performed by taking the area of the RID
or diode array signal from the chromatogram and comparing these areas to calibration
curves generated by model compound peak areas.1

3.2.6 Ionization Using ESI(-) Doped with Sodium Hydroxide and Subsequent
Quantification
This ionization method has previously been described in detail.22 A Thermo
Scientific LTQ-Orbitrap equipped with a surveyor plus high-performance liquid
chromatograph with a quaternary pump, auto-sampler, and photodiode array detector was
used. A gradient of water and acetonitrile at a flow rate of 0.5 mL/min was used while tinfusing water with 1 wt% sodium hydroxide at a flow rate of 0.06 µL/min. The
ionization conditions were as follows: sheath gas 60, auxiliary gas 30, spray voltage 3
kV, capillary temperature 300 oC, capillary voltage -3 V, and tube lens voltage -38 V. A
mass range of m/z 50-1,400 was scanned. Quantification was performed by taking the
peak areas of the ions and comparing them to calibration curves generated using model
compounds that were structurally similar while also factoring in the dilution due to the
automated column.

3.2.7 Quantification of Bio-oil Water Content
Water content was determined by using Karl-Fischer titration.
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3.3 Results and Discussion

3.3.1 Development and Validation of Separation Method
To achieve an optimal separation of the sorghum bio-oil in the automated column,
a mixture of ten relevant and diverse model compounds were chosen (Table 3.1). Elution
of the compounds, as detected by an ELSD and a diode array detector at 254 nm, shows
suitable separation (Figure 3.1). The light oxygenates along with the carbohydrate model
compounds elute with 100% water. 5-(Hydroxymethyl)furfural, which is structurally
unique among this group of compounds, eluted with 80% water and 20% acetonitrile.
The remaining compounds, which can be classified as lignin-derived compounds, start
eluting with 60% water and 40% acetonitrile and are all eluted by the time the gradient
consists of 30% water and 70% acetonitrile.

54
Table 3.1 Compounds used in bio-oil model mixture
Light Oxygenates

Lignin Derived Compounds

(a) Glycoaldehyde

Cellulose/Hemicellulose
Derived Compounds
(d) 5-(Hydroxymethyl)furfural

(b) Ethanol

(e) Cellobiose

(h) Vanillin

(c) Acetic acid

(f) Levoglucosan

(i) Coniferyl alcohol

(g) Eugenol

(j) Guaiacylglycerol-βguaiacyl ether
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Figure 3.1 Validation of a bio-oil separation method using a model mixture containing
ten compounds: (a) glycolaldehyde, (b) ethanol, (c) acetic acid, (d) 5(hydroxymethyl)furfural, (e) cellobiose, (f) levoglucosan, (g) eugenol, (h) vanillin, (i)
coniferyl alcohol, and (j) guaiacylglycerol-β-guaiacyl ether.

With the addition of a several minute long isocratic flow portion using 80% water
and 20% acetonitrile, the separation of 5-(hydoxymethyl)furfural and the lignin model
compounds was enhanced. Use of this separation method was applied to the bio-oil,
resulting in a successful separation of relevant compounds into three distinct fractions
(Figure 3.2). The bio-oil fractions (labeled as 1, 2, and 3) were collected. Each fraction
was analyzed by tandem mass spectrometry using ESI(-) doped with sodium hydroxide
and APCI(-) doped with chloroform. These methods were chosen due to their ability to
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ionize a wide range of compounds relevant in bio-oils and their ability to successfully
detect dimers.14,22-24

Figure 3.2 Automated column separation of Sorghum bio-oil. Three distinct fractions are
separated from each other based on polarity (fraction 1 being most polar and fraction 3
least polar).

3.3.2 Use of MICE for Analysis of Bio-oil Fractions
As mentioned above, bio-oil is a highly complex mixture. Due to this complexity,
a program was written in-house by John Degenstein to help with analysis of fractions 1,
2, and 3 went using the ESI(-) method. Validation of this program was performed using a
mixture containing seven model compounds (Table 3.2). An in-depth discussion of the
program will be given using this model mixture as an example.
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Table 3.2 Compounds and their [M-H]- m/z value used for MICE validation model
mixture
4-Ethylphenol (m/z 121)

Eugenol (m/z 163)

Guaiacol (m/z 123)

Isoeugenol (m/z 163)

Vanillin (m/z 151)

Syringaldehyde (m/z 181)

Guaiacylglycerol-β-guaiacyl ether (m/z 319)
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Initially, the mixture was run through the HPLC system to allow for separation of
the bio-oil fraction. Once the data file had been obtained, it was analyzed using MICE.
The initial step taken by the program is to average all of the collected mass spectra for the
entire run (Figure 3.3).

Figure 3.3 Illustration of the first step taken by MICE. All mass scans during an HPLCMS experiment are averaged to generate an average mass spectrum for the entire
experiment.
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At the start of the program, the user is asked to select a cut-off percentage. This
percentage is applied to the average mass spectrum and is in reference to the largest peak
in the averaged mass spectrum, which is assigned to be 100%. Ion of any m/z value with
a relative abundance above the cut-off percentage will be processed further by the
program. For this experiment, a cut-off value of 0.01% was used to ensure that all peaks
present would be reported.
Once the m/z values of all ions with abundance above the cut-off threshold have
been identified, the program compiles the signal for each individual scan during the entire
run for these m/z values and exports this information into an Excel spread sheet (Figure
3.4). Having this data in an Excel spread sheet format allows for the maximum signal for
each ion with a different m/z value to be determined.
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Figure 3.4 Conversion of an averaged mass spectrum into an Excel file. The m/z values
of ions with abundance above the cut-off percentage in the averaged mass spectrum are
reported in the Excel file along with their signal intensities. The maximum signal for each
ion during the HPLC-MS experiment was determined using the “=MAX()” function in
Excel.
The maximum signal intensity is then plotted, where is becomes apparent what
ions are the most abundant for the sample (Figure 3.5). The seven model compounds are
indicated, however, they are not the only major peaks. The additional peaks are attributed
to solvent.

61

Figure 3.5 Plot of the maximum signal. The x-axis is m/z and the y-axis is signal
intensity. Peaks corresponding to the seven model compounds used are highlighted using
red. Use of the MICE program allows for determination of the ions of interest, however,
additional peaks are also present in the above spectrum. Examination of the ion current
for the additional peaks reveals them to correspond to solvent peaks.

Examining the extracted ion current for each major ion allows the user to
determine whether the signal corresponds to an actual compound in the sample or a
solvent (Figure 3.6).
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Figure 3.6 Extracted ion chromatograms for ions of m/z 121 (top) and m/z 235 (bottom;
most abundant peak in Figure 3.5). The sharpness of the peak for ion of m/z 121 in the
top chromatogram shows that this peak indeed corresponds to a distinct compound while
the broad, tailing peak for ion of m/z 235 in the bottom chromatogram shows that this
peak corresponds to solvent. Examination of the extracted ion chromatograms for major
ions generated using MICE allows to user to quickly differentiate between sample and
solvent peaks.

After identification of the solvent peaks, the user can subtract these peaks to
obtain the final spectrum (Figure 3.7).
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Figure 3.7 Plot of the maximum signal with solvent peaks removed.

3.3.3 Separation, Analysis, and Quantification of Undiluted Bio-oil
Separation of 115 µL of sorghum bio-oil was performed using the method
described above. Analysis of fractions 1 and 2 was performed with the help of Vinod
Venkatakrishnan by using an HPLC system equipped with a single quadrupole mass
spectrometer, diode array detector, and RID. Ionization was performed using APCI(-)
with chloroform reagent leading to chloride attachment. The RID chromatogram of
fraction 1 and UV chromatogram of fraction 2 are provided below (Figures 3.8 and 3.9)
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Figure 3.8 RID chromatogram of undiluted bio-oil fraction 1.

Figure 3.9 UV chromatogram of undiluted bio-oil fraction 2. The major peak and a minor
peak could not be identified.
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Identification of some of the compounds was performed by comparing peak
retention times with known compounds’ retention times.1
Quantification of the known compounds was performed using calibration curves
of the area for each identified compound.1 In addition, the water content of the bio-oil
was determined by Karl-Fischer titration. The total mass balance value for fractions 1,
and 2, including the water content, is 73.5%. (Table 3.3).

Table 3.3 Mass balance for compounds present in undiluted bio-oil fractions 1 and 2,
including the water content.

Mass %
Levoglucosan
0.9
Levoglucosan isomers
3
Glycolaldehyde
3.2
Acetic acid
15.3
Hydroacetone
0.7
Methanol
1.7
Ethanol
5.4
(Hydroxymethyl)furfural
0.4
Furfural
0.2
Water
42.7
Total
73.5
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Separation and quantification of fraction 3 was performed using an HPLC system
connected to a LQIT mass spectrometer using ESI(-) with a sodium hydroxide dopant.
Analysis of the fraction was performed using the MICE program (Figure 3.10).

Figure 3.10 Average maximum signal for m/z values extracted with MICE program for
undiluted bio-oil fraction 3. Ions of interest are highlighted using red and solvent peaks
are highlighted using blue. A 20% cut-off of the most abundant ion, m/z 177, was used.

CID was performed to determine the structures of the ions. The majority of the
ions had already been extensively studied using CID in our laboratories, making
structural determination easy. The proposed ion structures and their m/z values are
presented below (Table 3.4).
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Table 3.4 Identified compounds and their related [M-H]- m/z value present in undiluted
bio-oil fraction 3
Phenol (m/z 93)

4-Ethylphenol (m/z 121)

4-Hydroxy-2vinylbenzaldehyde (m/z 147)

Vanillin (m/z 151)

Coniferaldehyde (m/z 177)

Coumaric methyl ester (m/z
177)

Sinapaldehyde (m/z 207)

Ferulic methyl ester (m/z 207)
O
O
O

HO

Calibration curves for all fraction 3 compounds were constructed using
concentrations of 0.05 µM, 0.5 µM, 5 µM, and 50 µM and eugenol as an internal
standard. The only exception to this was 4-hydroxy-2-vinylbenzaldehyde (m/z 147),
which was not commercially available. The mass balance for each compound is provided
below (Table 3.5).
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Table 3.5 Mass balance for compounds present in undiluted bio-oil fraction 3

Phenol
4-ethylphenol
Vanillin
Coniferaldhyde
Coumaric methyl ester
Sinapaldehyde
Ferulic methyl ester
Total

Mass %
0.11
0.12
0.06
0.09
0.09
0.15
0.11
0.73

Compared to fractions 1 and 2, there is contribution from fraction 3 to the mass
balance with only 0.73%. Since only the major compounds were quantified, the bulk of
the missing mass balance may be due to compounds whose ion currents are below the
20% cut-off. However, the areas of the quantified peaks corresponded to 49% of the total
signal while the non-quantified peaks were only 51%. While it is true that mass balance is
lost by not quantifying all compounds, this missing value does not account for the low
mass balance of this fraction.
The next reasonable assumption was that the lignin compounds were being lost
during the automated column separation. Since the bio-oil was run through the automated
column without any sample preparation, the concentration would be extremely high. It is
possible that due to the high concentration of compounds, matrix effects led to a lack of
fraction 3 compounds passing through the C18 column. To test this theory, a common
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lignin model compound, vanillin, was run through the automated column at a high (0.14
M) and low concentration (0.017 M). The fractions containing the vanillin were
rotovapped to remove the solvent and weighted. For each run, the average amount of
vanillin recovered was 28% less for the concentrated vanillin solution (Table 3.6). This
result suggests that a matrix effect due to the high concentration in raw bio-oil. To
overcome this effect, dilution of the bio-oil was performed before separation, analysis,
and quantification.

Table 3.6 Percent difference between the amounts of sample recovered from the
concentrated and diluted vanillin solutions. In each instance, the more concentrated
vanillin solution gave less percent recovery.

Run 1
Run 2
Run 3
Average

% Difference
33
20
30
28

3.3.4 Separation and Analysis of Diluted Bio-oil
`To overcome matrix effects associated with the high concentration of lignin
related compounds in bio-oil, 115 µL of sorghum bio-oil was diluted with 50:50
acetonitrile:water to make the total final volume of the solution 5 mL. This dilution was
limited to 5 mL due to the size of the sample cartridge of the automated column. The
diluted bio-oil was run through the automated column by using the same method
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discussed above. Fractions 1, 2, and 3 were collected in the same fashion as for the
undiluted bio-oil and were analyzed using the HPLC/MS setup equipped with APCI(-)
(chloroform) and RID.
Thorough separation of compounds was achieved for fraction 1 by using the
Rezex ROA column (Figure 3.11). Currently, ten of the noticeable peaks have been
identified using known elution times for standards and mass spectra data obtained using
APCI(-) with chloride attachment. All of the identified compounds are either light
oxygenates or carbohydrates. This is to be expected as fraction 1 is the most polar
fraction of the bio-oil. As with the undiluted bio-oil, the presence of a negative peak for
formic acid is due to doping of the mobile phase with formic acid. Quantification of all
identified compounds will be performed using calibration curves constructed using model
compounds.

Figure 3.11 Refractive index spectrum for diluted bio-oil fraction 1. Ten peaks have been
identified, showing that fraction 1 contains (a) cellobiosan, (b) glucose, (c) xylose, (d)
levoglucosan, (e) deoxyribose, (f) glycolaldehyde, (g) formic acid, (h) acetic acid, (i)
1,6,2,3-dianhydro mannopyranose, and (j) hydroxyacetone.
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Fraction 2 proved to be much simpler than fraction 1. However, due to the low
abundance of compounds in this fraction, the sizes of the RID peaks were too low.
Therefore, a diode array detector at 254 nm was used for this fraction (Figure 3.12). This
wavelength was chosen as it gave the highest intensity of signal for the detected
compounds. Only three major compounds were detected in fraction 2. One of the major
compounds has been determined to be furfural by using standard compound elution
times. The remaining two compounds are currently under investigation but their
structures are likely to resemble that of 4-(hydroxymethyl)furfural as this compound is
known to elute at about the same time. Quantification of all identified compounds will be
performed using calibration curves constructed using model compounds.

Figure 3.12 Diode array (254 nm) chromatogram for diluted bio-oil fraction 2. Only three
major peaks were detected. Furfural was identified as the major component by using
standard compound elution times.

Separation and analysis of compounds in fraction 3 using above method proved
troublesome, as the method was originally developed for separation of carbohydrates. A

72
singular, intense peak seen with diode array detector indicates poor separation of the
compounds present. Further analysis using the ESI(-) method proved to be more effective
for analysis of this fraction.
After analysis using APCI(-) MS and an RID, fractions 1, 2, and 3 were separated
and analyzed using the ESI(-) MS/MS method with the aid of the MICE program. All
fractions underwent extensive CID with high resolution, allowing for accurate chemical
formulas to be proposed for the parent ions, fragment ions, and neutral fragments.

Figure 3.13 Average maximum signal for m/z values extracted with MICE program for
diluted bio-oil fraction 1.

Extraction of the data using MICE resulted in six major ions of interest for
fraction 1 (Figure 3.13). These ions are the most polar compounds in the bio-oil and the
majority of them are derived from cellulose. Like cellulose, the compounds in this
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fraction feature high levels of saturation and are oxygen-rich compared to lignin derived
compounds (Table 3.7). While extensive CID was performed on the ions of interest,
determination of the structures was challenging in some cases since CID patterns for
carbohydrates are complex.14 Quantification of all identified compounds will be
performed using calibration curves constructed using model compounds.

Table 3.7 Identified compounds and their [M-H]- m/z value present in diluted bio-oil
fraction 1
4H-Pyran-2-carboxylic acid (m/z 125)

5-Oxotetrahydrofuran-2-carboxylic acid
(m/z 129)

O
O
HO

(1R,4R)-2,7-Dioxabicyclo[2.2.1]heptane5,6-diol (m/z 131)

5-(Hydroxymethyl)tetrahydrofuran-2,4diol (m/z 133)

2-(1,2-Dihydroxyethoxy)ethane-1,1-diol
(m/z 137)

Levoglucosan (m/z 161)
OH

OH

O
O

OH
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Analysis of fraction 2 using MICE resulted in only two ions of interest (Figure
3.14). These ions underwent CID to help with structural identification along with
referencing literature for matches (Table 3.8).28 Interestingly, the CID data for ion of m/z
125 of fractions 1 and 2 match almost perfectly and the elemental composition of the
compounds matches perfectly. Quantification of all identified compounds will be
performed using calibration curves constructed using model compounds.

Figure 3.14 Average maximum signal for m/z values extracted with MICE program for
diluted bio-oil fraction 2.
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Table 3.8 Compounds identified in diluted bio-oil fraction 2and the m/z values of their
[M-H]- ions
2-Hydroxy-3-methylcyclopent-2-en-1-one
(m/z 125)

4H-Pyran-2-carboxylic acid (m/z 125)

Analysis of fraction 3 using MICE resulted in nine ions of interest (Figure 3.15)
CID on each ion of interest was performed, allowing for structural determination (Table
3.9). Unlike the previous two fractions, the third fraction represents the most nonpolar
compounds with the majority originating from lignin. Lignin related monomers, dimers,
and trimers have been extensively studied in our laboratories, allowing for relatively
straightforward structural determination using CID data.22-24 The only ions which did not
give CID data are ions of m/z 93 and two isomeric ions of m/z 107. These ions were
identified as phenol and o-cresol/p-cresol limited fragmentation during CID is expected
due to their stable structure.6,18,28,29 Quantification of all identified compounds will be
performed using calibration curves constructed using model compounds
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Figure 3.15 Average maximum signal for m/z values extracted with MICE program for
diluted bio-oil fraction 3.
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Table 3.9 Compounds identified in diluted bio-oil fraction 3 and the m/z values of their
[M-H]- ions
Phenol (m/z 93)

o-Cresol (m/z 107)

p-Cresol (m/z 107)

4-Ethylphenol (m/z 121)

Guaiacol (m/z 123)

Vanillin (m/z 151)

HO

HO

O
O

4-Ethyl-2-methoxyphenol
(m/z 151)

2,6-Dimethoxyphenol
(m/z 153)

Coniferylaldehyde
(m/z 177)

3.4 Conclusions
A liquid chromatography method has been developed for the separation of raw
bio-oil into three fractions. The results indicate that fractions 1, 2, and 3 mainly contain
compounds derived from cellulose, hemicellulose, and lignin, respectively. Analysis of
these fractions was aided by a newly developed program, MICE. Initial attempts to
quantify the bio-oil led to a mass balance of 30.8% for fractions 1 and 2. While this result
was very promising, the mass balance for fraction 3 only accounted for 0.73% of the
mass balance. The high concentration in bio-oil was found to lead to limited recovery of
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lignin compounds during the automated column separation. Experiments using vanillin
solutions showed that concentration affects the amount of compound recovered from the
automated column.
During a second attempt, raw bio-oil was diluted before the automated column
separation to enable greater recovery of lignin compounds. Initial results showed a more
diverse array of compounds being identified in fractions 1 and 3. All fractions were
analyzed using both the APCI(-)/RID and ESI(-)/MICE methods. Fourteen compounds
have been identified in fraction 1, three in fraction 2, and nine in fraction 3.
Quantification of the diluted bio-oil fractions has not been completed yet, but will follow
the same methods used for the undiluted bio-oil fractions.
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CHAPTER 4. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY/TANDEM
MASS SPECTROMETRY METHOD FOR SEPARATION AND IDENTIFICATION
OF PRODUCTS FROM UPGRADING OF DIHYDROEUGENOL VIA CATALYSIS

4.1 Introduction
A major goal of the scientific community is to find a practical and renewable fuel
which can completely replace petroleum-based fuels. Not only is the current source of
liquid fuel limited, but environmental reasons are also pushing our society toward a
greener alternative.1-3 To accomplish this feat, roughly 14 million barrels of fuel per day
must be provided for the United States alone.4 One of the proposed replacements has
been biomass-derived fuels.5,6 Each year, the United States produces over 340 million
Tons of biomass waste which could be converted to biofuel.7 As large as this number is,
use of conventional conversion methods would only be able to supply 30-50% of the
United States’ energy needs.4,7 Use of fast pyrolysis followed by catalytic conversion of
the products is one of the methods currently considered to improve the conversion
efficiency of biomass to biofuel.5,6,8
A new, highly integrated approach for the production of biofuel from biomass
has been introduced by Agrawal et al.5,6,8 This approach should allow for high efficiency
conversion, recovering over 70% of the biomass carbon compared to only 37% recovery
using conventional biomass conversion methods.5,6 Positioning the catalysis bed
downstream of the fast pyrolysis reactor is an integral part of this process. Upon heating
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biomass during fast pyrolysis, a complex mixture known as bio-oil is created. This oil is
not suitable for direct use as a fuel due to several detrimental attributes, such as high
water content, high acidity, low energy density, and limited stability.9 By positioning a
catalytic bed downstream of the fast pyrolysis reactor, the resulting product can be
upgraded before collection.8,10 Choosing the best catalyst depends on the compounds
initially produced by the fast pyrolysis reactor.
In this work, a reverse-phase HPLC-MSn method is presented for the separation
and identification of compounds formed upon catalytic conversion of dihydroeugenol
without any sample preparation (Figure 4.1). Ionization of these compounds without
fragmentation was performed using atmospheric pressure chemical ionization (APCI)
ammonium attachment.11 Ions for the m/z values of 174, 176, 188, and 190 were
determined to be the ions of interest by our collaborators in the Riberio Group. Tandem
mass spectrometry (MSn) based on collision-induced dissociation (CID) of mass-selected
ions allowed for the identification of the functional groups present in the products. The
results of this study helped to confirm what products were produced by the catalytic
conversion of dihydroeugenol.
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Figure 4.1 Structure of dihydroeugenol

4.2 Experimental
Ammonium hydroxide (28-30% as NH3) was purchased from Avantor
Performance Materials (Center Valley, PA). High-performance liquid chromatographymass spectrometry (HPLC/MS) grade acetonitrile, methanol, and water were purchased
from Fisher Scientific (Pittsburg, PA).
Products from the catalytic upgrading of dihydroeugenol were collected at
different times during the catalysis process (5 % PtMo(1:1)/MWCNT at 340 psi H2) by
members of Dr. Fabio Ribeiro’s group, one sample early in the process and one sample
later in the process. Sample solutions were prepared by adding 1 mL of 50/50 (v/v)
acetonitrile/methanol to 3 μL of the catalysis product mixture. Samples were injected into
the HPLC via an autosampler by using partial-loop injections. A Zorbax SB-C18 column
(4.6 x 250 mm, 5 μm particle size) was used for separation of the samples. Methanol and
water were used as the mobile phase solvents. A linear gradient was tested and optimized
for the separation of isobars, mainly for m/z 174, until an optimal non-linear gradient was
developed. The gradient consisted of two solvents, (A) water and (B) methanol. 100% A
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and 0% B was run for 2 minutes, followed by a large increase in the proportion of B over
a one minute period (from 0% to 92%). For 17 minutes, the gradient was increased in a
linear fashion from 8% A and 92% B to 0% A and 100% B. Upon reaching 100% (B), the
gradient was held for two minutes until returning back to 100% (A) and 0% (B) for the
last five minutes of the run. The column was equilibrated with the starting eluent for at
least 7 minutes before the start of each run and was kept in a thermostatted compartment
at 30 oC as precautionary steps to ensure reproducibility. The HPLC was connected to the
ionization source via a tee connector, which allowed for mixing of the HPLC eluent with
an ammonium hydroxide solution. This solution was prepared by adding 200 µL
ammonium hydroxide into 1.5 mL of 50/50 (v/v) methanol/water and was injected at a
rate of 2 µL/min. Presence of the ammonium ions allows for soft ionization of target
compounds, as proven in previous literature involving cyclohexane and cyclohexanone,
forming predominately [M+NH4]+ ions.11
Ionization of the samples was performed using an APCI ionization source. The
APCI probe conditions were set to: discharge current 5 V, vaporizer temperature 300 oC,
sheath gas pressure 40 (arbitrary units), auxiliary gas pressure 20 (arbitrary units), and
sweep gas pressure 0 (arbitrary units). For all experiments nitrogen gas was used. It is
important to note that high resolution data have been obtained for the [M+NH4]+ ions and
losses during CID.
Tandem mass spectrometry experiments (MSn) were performed using CID. The
first tandem MS event (MS1) resulted in a mass spectrum (m/z 50 – m/z 500). A second
event (MS2) was used to isolate and perform CID of the ammoniated ions, which
produced protonated ions as the major product. Isolation of the ions was performed using
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an isolation window of 1.7 or 2.0. For CID, the ions were kinetically excited and allowed
to collide with helium gas at a normalized collisional energy of 15-25. A cut-off of 5%
abundance relative to the most abundant product ion was established for reporting
fragmentation product ions. The protonated molecules were then isolated and subjected to
CID (MS3). This process was repeated for each ion of interest up to MS4.

4.3 Results and Discussion

4.3.1 Separation of Dihydroeugenol Reaction Products Via HPLC/MS
To aid in the identification of products from dihydroeugenol catalysis, a HPLCMS method was developed. A gradient was optimized using a C18 column. This column
was chosen due to its favorable separation capability with non-polar compounds.
Ionization of the sample was not trivial. Due to the saturated nature of the
compounds, a soft ionization method had to be utilized. All samples were ionized using
an APCI ammonium attachment method, producing predominantly [M+NH4]+ ions. This
method has been used in previous literature, demonstrating that attachment of an
ammonium ion on cyclohexanol and cyclohexanone resulted in formation of stable
[M+NH4]+ ions with little to no fragmentation.11
Extracted ion currents for ions of the m/z values of 174, 176, 188, and 190 are
provided below (Figure 4.2).
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Figure 4.2 Extracted and total ion currents (HPLC-MS) of target ions with m/z values
174, 176, 188, and 190. Chromatograms a, c, e, and g are from a sample obtained during
the early stages of the catalysis process. Chromatograms b, d, f, and h are from a sample
obtained during the later stages of the catalytic process. All peaks analyzed using tandem
mass spectrometry are denoted using *. Chromatograms i and k are the total ion currents
for the earlier and later samples, respectively.
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Multiple isobaric compounds, upon ionization forming ions of m/z 174, eluted for
both samples (Figure 4.2). The peaks occurred at 12.3 minutes, 14.1 minutes and for the
sample taken early in the catalysis reaction, at 18.8 minutes. For ease of reference, these
peaks will be referred to as m/z 174(12.3), 174(14.1), and 174(18.8) for the remainder of
the paper. The 174(18.8) peak was only detected in the sample which was taken during
the early phases of the catalysis reaction, suggesting that this compound is not a final
product. Two peaks were detected for isobaric ions of m/z 176 (11.9 minutes, 12.5
minutes) and m/z 188 (12.9 minutes, 14.3 minutes) for both samples (Figure 4.2). Only
the major peak was analyzed using tandem mass spectrometry. Both samples also had a
peak for the ion of m/z 190 elute at 14.1 minutes (Figure 4.2).

2-hydroxy-4-propylcylohexan1-one (174), C9H16O2 + NH4,
(14.1 minutes)

174 – NH3 (157) [100%]
174 – H2O (156) [7%]

3-hydroxy-5propylcyclohexan-1-one (174),
C9H16O2 + NH4, (12.3
minutes)

CID energy: 15

174 – NH3 (157) [100%]

CID energy: 15

MS/MS fragmentations
(product ions m/z)
[relative abundance]

Proposed analyte (m/z of
[M+(NH4+)]), elemental
composition of ion, (Elution
time)

No further fragmentation
observed

No further fragmentation
observed

MS/MS/MS fragmentations
(product ions m/z)
[relative abundance]

MS/MS/MS/MS
fragmentations
(product ions m/z)
[relative abundance]

Table 4.1 APCI(+) ammonium attachment/CID MS, MS2, MS3 and MS4 spectra obtained for HPLC separated reaction
products of dihydroeugenol. CID was performed until loss of signal. (diagnostic fragment ion are highlighted in bold) (elemental
composition confirmed using high resolution MSn)
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4-propylcyclohexane-1,2diol (176), C9H18O2 + NH4,
(12.5 minutes)

Unknown (174), C10H20O +
NH4, (18.8 minutes)

159 [100%]
159 – H2O (141) [95%]
159 – CH3OH (127) [29%]
159 – H2O – H (139) [19%]

CID energy: 20

CID energy: 25

No further fragmentation
observed

176 – NH3 – H2O (141)
[100%]
176 – NH3 (159) [34%]
176 – H2O (158) [13%]
176 [9%]
176 – H2O – H2O (123) [5%]

CID energy: 15

174 – NH3 (157) [100%]
174 [27%]
174 – H2O (156) [21%]
174 – NH3 – CH3OH (125)
[12%]
174 – H (173) [9%]
174 – CH3OH (142) [6%]

Table 4.1, continued

No further fragmentation
observed
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CID energy: 20

CID energy: 20

CID energy: 20

CID energy: 20

173 – H2O (155) [100%]

171 – CH3OH (139) [100%]
171 [50%]
171 – CH3OH – H2O (121)
[31%]
171 – H2O (153) [24%]
171 – CH3OH – CO (111)
[13%]

188 – NH3 (171) [100%]

3-methyl-5190 – NH3 (173) [100%]
propylcyclohexane-1,2-diol
190 – NH3 – H2O (155) [12%]
(190), C10H20O2 + NH4, (14.1
minutes)

2-methoxy-4-propylcyclohexan-1-one (188),
C10H18O2 + NH4, (13.9
minutes)

Table 4.1, continued

No further fragmentation
observed

No further fragmentation
observed
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4.3.2 Tandem Mass Spectrometric Analysis of Dihydroeugenol Reaction Products
The compounds corresponding to the peaks of interest indicated in Figure 4.2
were investigated using tandem mass spectrometry. The ammoniated compounds were
subjected to CID at an energy lower (15-25 arbitrary units) than usually (25-30 arbitrary
units) due to the excessive fragmentation and loss of signal at higher CID energies. In
addition, a wider isolation window of 1.7-2.0 m/z was used, instead of the typical value
of 1.5 m/z, in order to decrease the amount of energy imparted into the target ion upon
isolation. Based on prior knowledge of the catalytic reaction pathways of similar
compounds, proposed structures still likely retain the cyclohexane skeleton with a propyl
chain. Proposed chemical composition of parent ions and losses during CID were
supported by high resolution data. Provided above are the CID data along with proposed
structures of the molecules of interest (Table 4.1). It is important to note that some of the
ions of interest did not provide useful structural information upon CID.
The extracted ion current of m/z 174 reveals the presence of several isobars. CID
of the ions eluting during the 174(12.3) peak gave very limited information. Besides the
loss of the ammonium adduct from the parent ion, which was seen with all ions studied,
only a low abundance of water lose was seen. At this point in the catalytic reaction,
neither the cyclohexane core nor the propyl group was expected to be modified.
Therefore very limited options for structures of a compound with the determined
elemental composition are available. The loss of water suggests the presence of a
hydroxyl group. The presence of a carbonyl group is required based on the determined
elemental composition and the use of the propyl-cyclohexane skeleton. Positioning of the
carbonyl group will be addressed in the following paragraphs.
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CID of the ions eluting during the 174(14.1) peak also gave very limited
information. However, what is interesting about this ion is that no additional losses
besides the loss of ammonia were observed during MS2. The major ion of m/z 188 was
the only other ion which gave this result upon MS2, so it will be discussed along with the
174(14.1) peak. The ion of m/z 188 underwent losses of several different neutral
molecules during MS3, with the second major loss being both methanol and water
simultaneously. This double loss indicates the presence of two functional groups
containing oxygen, one most likely being a methoxy group based on the major loss of
methanol in MS3. The minor loss of water and carbon monoxide simultaneously suggests
that the second oxygen functional group can be lost as both water and carbon monoxide.
Since the ion of m/z 188 was determined to have two oxygen atoms, with one of
these groups likely being a methoxy, the remaining functional group was proposed to be
a carbonyl. The carbonyl group and the additional functional group were proposed to be
in the 1,2-positions for ions of m/z 174(14.1) and 188. This positioning was proposed
since having these groups in the ortho-position can lead to stabilization of the protonated
carbonyl carbon upon loss of ammonia due to the increased electron density provided by
the hydroxy (m/z 174(14.1)) or methoxy group (m/z 188). This stability is likely the
reason why these two ions are the only ions to lose just ammonia during MS2. This
positioning also matches the initial structure of dihydroeugenol. It is important to note
that while ion of m/z 174(12.3) has a carbonyl group, the two present functional groups
were proposed to be in the meta-position to reduce the stability of the protonated
carbonyl carbon, leading to the minor water loss. Both the meta- and para-position are
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possible for the carbonyl and hydroxyl groups, however, currently it is not known which
is correct.
The ions eluting during the 174(18.8) peak were unique since their abundance
decreased as the catalysis reaction continued. It was also the only isobar of m/z 174
which underwent extensive fragmentation during MS2. The loss of methanol and water
show the presence of an oxygen containing functional group. However, identification of
the ion structure has proven difficult. Based on the elemental composition, the most
likely structures would be a propyl-cyclohexyl methanol compound or the propylcyclohexane skeleton with a methyl and hydroxy group. The first compound is logical
based off the methanol loss during MS2, however the lack of formaldehyde loss does not
support this structure. The second likely structure would explain the water loss but does
not account for the methanol loss. Until further studies can be performed using model
compounds, no structure can be confidentially proposed for this ion.
The ion for m/z 176 was the only compound to not undergo ammonia loss as the
major loss during MS2. The fact that this ion had a major loss of water along with a
double water loss indicates that there are likely two hydroxyl groups. These groups were
on the 1,2-position based on the initial structure of dihydroeugenol.
Addressing the ion for m/z 190 was a bit challenging mainly due to the loss of
signal during MSn experiments and the inability to obtain information past a single water
loss. The fact that only one water loss occurred does help with identifying the functional
groups present. Based on this and the high resolution data, the mostly likely functional
groups are either be a combination of hydroxy, hydroxy, and methyl or just hydroxy and
methoxy. Since methanol was not seen as a major loss during CID, presence of a
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methoxy group is unlikely. Therefore, the functional groups were determined to be a
combination of hydroxy, hydroxy, and methyl.

4.4 Conclusions
A HPLC-MSn method was developed for the identification of reaction products
from the upgrading of dihydroeugenol via catalysis. Separation of the target compounds
(m/z 174, 176, 188, and 190) was successful using a C18 column along with a non-linear
gradient using water and methanol as solvents. Ionization of the separated compounds
was performed using APCI with the addition of an ammonium hydroxide dopant, leading
to ammonium attachment for the target compounds.
The functional groups present in each ion were proposed using high resolution
and fragmentation information obtained via CID. Loss of signal limited the number of
tandem MS experiments that could be performed on the target ions. However, with the
data that were obtained, structures were proposed for each ion except one. Proposed
compounds match what is expected based on the catalytic reaction.
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CHAPTER 5. CHARACTERIZATION OF LASER-INDUCED ACOUSTIC
DESORPTION EFFICIENCIES FOR PETROLEUM-BASED SAMPLES AND
MODEL COMPOUNDS

5.1 Introduction
The analysis of crude oil and its components, such as asphaltenes, is a surging
field of research within mass spectrometry. Asphaltenes are defined as the fraction of
crude oil which is soluble in toluene and insoluble in n-alkanes.1 This fraction of crude
oil causes many problems in the oil industry, such as clogging transport pipes, forming
water-oil emulsions, and fouling catalysts used for upgrading.2-6 Asphaltenes also have
little application outside of being used as road pavement.2,6 Elucidation of the molecular
structure of asphaltenes would allow improvement in oil recovery methods and
development of methods to convert them into lighter, more useful compounds.7 Improved
crude oil recovery and use are both appealing in a world facing a dwindling petroleum
supply.
Asphaltenes are known to consist of large aromatic hydrocarbon structures, many
containing heteroatoms.2,8 They contain aromatic cores and feature alkyl chains that vary
in size. The total number of carbons present in chains can range from 15 up to 40 while
the number of carbons in a single chain can be up to 13. 1,2,9-13 Combined with the fact
that molecules of asphaltenes are high molecular weight (450-850 Da), introducing these
compounds into the gas phase for mass spectrometric analysis without aggregation or
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fragmentation presents a major challenge.1,2,8,10,12,14 Even when successfully introduced
into the gas phase, unbiased ionization of asphaltenes is still a problem.
Developing methods to introduce complex mixtures of nonvolatile compounds,
like asphaltenes, into the gas phase while softly ionizing them has long been an active
area of mass spectrometric research. Over the years, several soft ionization techniques
have become staple methods for mass spectrometry. The two main methods are matrixassisted laser desorption ionization (MALDI) and electrospray ionization (ESI). While
extremely useful for many samples, MALDI transfers larger amounts of energy to the
sample molecules compared to laser-induced acoustic desorption (LIAD; 0.6-0.9 eV
compared to <0.06 eV), leading to higher internal energy and increased possibility of
fragmentation.15 Both MALDI and ESI predominantly ionize the most basic/acidic
compounds of a sample, leading to bias of the less polar compounds.16-18 These
limitations mean that for complex nonpolar samples, such as asphaltenes, even the most
proven soft ionization methods cannot be used without major drawbacks.
LIAD has proven to be a suitable method for introduction of nonvolatile samples
into the gas phase for mass spectrometric analysis.14,19,20 One of the primary advantages
of LIAD is that unlike most other methods, introduction of the sample into the gas phase
and ionization are not coupled.21 Decoupling of these events allows the ionization method
to be selected based on the sample. In addition, desorbed molecules are low in internal
energy, preventing fragmentation during the desorption event.22 While LIAD has
successfully been used in the past to analyze asphaltene samples, asphaltenes’ desorption
efficiency is lower compared to other samples. A decrease in desorption of a sample
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leads to weaker signal and a lower chance to acquire a suitable mass spectrum during
LIAD.
In this work, LIAD desorption efficiency of asphaltene, deasphaltened oil, and
crude oil samples along with model compounds were examined using scanning electron
microscopy (SEM) to characterize the foils after LIAD. The goal was to determine not
only what parameters affect desorption but to also gain insights into how to improve
desorption for troublesome samples, such as asphaltenes.

5.2 Experimental
Titanium foil (12.7 µm thick) was purchased from Alfa Aesar (Ward Hill, MA).
This foil was used in all experiments. 1,6-Di(hex-1-yn-1-yl)pyrene and 2,1’-4’,2”ternaphthalene were synthesized.13 Coronene (97%) and octaethyl porphine vanadium
(IV) (98%) were purchased from Sigma-Aldrich (St. Louis, MO). Crude oil samples
CP275560 and PH00005 were obtained from Conoco Phillips. Asphaltene samples
Finnish C and Finnish D were precipitated by using n-heptane from Russian crude oil and
provided by Neste Oil. The deasphaltened oil A sample was obtained from Conoco
Phillips. This sample was treated with n-heptane for the removal of asphaltenes. All
samples were deposited onto the Ti foil by using a custom-built sample deposition
chamber, which has previously been described.14 All samples were dissolved in carbon
disulfide (99.9%) from Sigma-Aldrich (St. Louis, MO) and pipetted onto the foil in the
custom-built chamber, where they were dried with a stream of argon gas.
The manual raster LIAD stage and probe used in this study have been described
previously.14 The automated raster LIAD stage used in this study was designed and
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constructed with help from Mark Carlsen and Randy Reploge of the Jonathan Amy
Facility for Chemical Instrumentation at Purdue University. The automated raster stage
was constructed from DC input step motor drivers, NEMA 11 step motors with an
encoder, and an encoder cable from Applied Motion Products (Watsonville, CA). An NI
UMI-7764 20 MHz encoder, SH68-C68-S cable, and 2-axis stepper/servo controller were
ordered from National Instruments (Austin, TX). A linear power supply with 24 V/3.6 A
output was ordered from Digi-Key (Thief River Falls, MN). The raster LIAD stage was
fastened to an IonMax box of a Thermo Scientific linear quadrupole ion trap (LQIT).
The temperature of the IonMax box was roughly 100 oC due to the use of APCI as the ion
source. No solvents were flown through the APCI source. Only nitrogen was introduced
into the IonMax box. All LIAD experiments were performed using a Continuum Minilite
I Nd:YAG laser using 532 nm wavelength, 12 mJ (at 532 nm) nominal power, 10 Hz
repetition rate, 6 ns pulse length, 1 cm-1 line width, <3 mrad divergence, and a beam
diameter of 3 mm. A system of kinematically mounted high-power reflective mirrors was
used for beam alignment.16 All images were taken using a FEI Philips XL-40 scanning
electron microscope (SEM). An electron beam of 5-10 kV was used.

5.3 Results and Discussion
Asphaltene model compounds along with petroleum-based samples were
dissolved in carbon disulfide and deposited on Ti foil. LIAD was performed on each foil
using either a manual or automated rastering stage. Each foil was then imaged using a
SEM. Four model compounds with differing core sizes and with and without alkyl chains
were studied: coronene, 1,6-di(hex-1-yn-1-yl)pyrene, 2,1’-4’,2”-ternaphthalene, and
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octaethyl porphine vanadium (IV) (Figure 5.1). SEM imaging of the foils was performed
without a sputtering coat.

5.3.1 Imaging of Foils Containing Asphaltene Model Compounds

Figure 5.1 Structures of asphaltene model compounds studied

SEM images of each foil containing asphaltene model compounds, obtained after
LIAD by using the manual raster stage, clearly show that these samples have high
desorption efficiency (Figure 5.2). As mentioned above, asphaltene samples show low
desorption efficiency, yet these asphaltene model compounds demonstrate the exact
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opposite. One possible reason for this discrepancy is that the model compounds are pure
while asphaltene samples are a highly complex mixture of thousands of compounds.23,24

Figure 5.2 SEM images of foils containing asphaltene model compounds after LIAD
show high desorption efficiency.

In an attempt to mimic the complexity of field asphaltenes, an equimolar solution
of coronene, 1,6-di(hex-1-yn-1-yl)pyrene, and 2,1’-4’,2”-ternaphthalene was prepared,
deposited on a foil, dried, and desorbed using LIAD by using manual rastering. The foil
was then imaged. The results (Figure 5.3) of this experiment using the manual raster
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LIAD stage were inconsistent. This inspired the automation of the raster LIAD stage
since the variance of the desorption for each experiment could have been due to
differences in rastering speed (Figure 5.3). Detailed discussion on the automation of the
raster LIAD stage is given in chapter 6.

Figure 5.3 SEM images of foils containing an asphaltene model compound mixture after
LIAD by using manual (a and b) and automated LIAD rastering (c and d). (a) Manual
rastering shows drastically different desorption efficiency in repeat experiments.
Automated rastering, however, shows much higher reproducibility between (data not
shown) and within experiments.

Inconsistency of desorption of the asphaltene model compound mixture is
apparent when using the manual raster stage, but the automated raster stage shows
consistently high desorption efficiency of the model compound mixture (Figure 5.3). The
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model compound mixture does not feature low desorption efficiency like the field
asphaltene samples. The two major differences between the model compounds used and
real asphaltenes are molecular complexity and sample complexity. Both of these
differences mean a decrease in intermolecular forces (IMF) as asphaltenes are known to
have a wide range of IMF: acid-base, hydrogen bonding, coordination complexes, van
der Waals, and π-stacking.25 The most significant factor involved in strengthening
asphaltene-asphaltene interactions are van der Waals forces.25-27 The current model for
LIAD desorption is based upon film strain and states that the deposited sample film must
be broken to release potential energy stored as film strain to enable desorption.28 A much
more complex mixture with increased IMF strength than the model compound mixture,
like asphaltenes, would limit the acoustic wave’s ability to break the film. Another
finding, based on the high desorption efficiency of the model compounds, is that
desorption efficiency is not primarily dependent on the samples π-stacking ability. If this
interaction was a substantial factor, the desorption efficiency of coronene would be
expected to be much lower due to its ability to π-stack.29

5.3.2 Imaging of Foils Containing Petroleum Samples
Crude oil, asphaltenes, and deasphaltened oil samples were compared to each
other after LIAD by using the manual raster stage. SEM images of these samples showed
variation in desorption efficiency between the three types of samples (Figure 5.4). It is
important to remember that crude oil is composed of asphaltenes and deasphaltened oil
when discussing these results. However, for these experiments the crude oil, asphaltenes,
and deasphaltened oil samples were from different sources. The asphaltenes samples,
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Finnish C and Finnish D, showed the lowest desorption efficiency. In contrast, the
deasphaltened oil sample underwent complete desorption. Samples PH00005 and
CP275560 are crude oil samples and also showed high desorption efficiency.

Figure 5.4 SEM images of foils after LIAD using manual rastering containing crude oil (a
and b), asphaltenes (c and d), and deasphaltened oil (e) samples. Crude oil samples (a and
b) show high desorption efficiency, along with one of their components deasphaltened oil
(e). The other component of crude oil, asphaltenes (c and d), show very low desorption
efficiency.
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With varying degrees of desorption observed for the different petroleum samples,
it is important to note their compositions when considering the factors affecting their
desorption efficiency. Crude oil samples, such as CP275560 and PH000005, are primarily
composed of deasphaltened oil, with about 6% asphaltenes.30 Deasphaltened oils mainly
contain paraffins, naphthenes, and some aromatic compounds with a lower average
molecular weight than asphaltenes. Finnish C and Finnish D samples are composed of
asphaltenes, which are known to be sticky and readily form aggregates.
With the knowledge of each sample’s composition, insights into what limits
LIAD desorption efficiency can be gained. Finnish C and D, while having similar sample
complexity as the deasphaltened oil, exhibit much stronger IMF. This overcomes the
energy released upon cracking of the film, leading to limited desorption. This is also seen
when comparing asphaltenes and asphaltene model compounds. High desorption
efficiency of the crude oil samples CP275560 and PH00005 also agree with this. High
abundance of deasphaltened oil in crude oil sufficiently dilutes asphaltenes, leading to a
reduction of IMF and high desorption efficiency.

5.4 Conclusions
A study of desorption efficiency of petroleum-based samples and model
compounds was conducted. The asphaltene model compounds displayed high desorption
efficiency, while actual asphaltene samples had very low desorption efficiency. This
demonstrates that during LIAD, asphaltene model compounds fail to mimic real
asphaltene samples, even when mixed together to create a more complex sample. The
model compounds inability to mimic asphaltenes during LIAD has been attributed to the
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model compounds’ lack of molecular and sample complexity, leading to weaker IMF.
Examination of crude oil and its two components, asphaltenes and deasphaltened oil,
clearly shows that the two components of crude oil have different desorption efficiencies.
The major difference between deasphaltened oil and asphaltenes is the presence of larger,
structurally complex compounds in the asphaltene sample. Crude oil, the combination of
deasphaltened oil and asphaltenes, appears to desorb fully. This finding suggests that the
dilution of asphaltenes in crude oil prevents them from interacting with each other and
limited desorption during LIAD. Further studies focusing on the desorption efficiency of
model compounds with structural complexity closer to that of real asphaltenes would help
to strengthen the conclusions from this study. In addition, a series of studies focusing on
the doping of light weight, structurally simple compounds in asphaltenes could lead to
development of a procedure to enhance desorption of samples with low desorption
efficiency.
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CHAPTER 6. AUTOMATION OF A RASTERING ATMOSPHERIC PRESSURE
LASER-INDUCED ACOUSTID DESORPTION (LIAD) STAGE

6.1 Introduction
While mass spectrometry can be used to successfully analyze many different
types of samples, there are still those that pose problems. One notoriously problematic
type of sample is the fraction of crude oil referred to as asphaltenes. Asphaltenes are the
focus of this chapter. These compounds are difficult to introduce into the gas phase due to
their lack of volatility and they also are difficult to ionize due to lack of ionizable
functionalities. Standard soft ionization techniques, such as electrospray ionization (ESI)
and matrix-assisted laser desorption ionization (MALDI), fail to ionize most asphaltenes
due to their bias toward polar compounds.1,2
LIAD has been used successfully in conjunction with tandem mass spectrometry
to analyze asphaltenes, along with many other samples.3-9 Part of what makes LIAD a
powerful technique for sample evaporation is that unlike many other techniques, it
decouples the evaporation and ionization events.10 By decoupling these events, an
ionization method most suitable for the sample can be chosen. Other benefits of LIAD
include low internal energy of desorbed molecules and lack of exposure of the sample to
thermal energy.11 Successful use of high vacuum LIAD on Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometers has been well documented.10,12
Recently, atmospheric pressure LIAD has been implemented.2,13 A manual rastering
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LIAD stage was developed to allow sampling of a greater area of the foil.14 This stage
was manually adjustable in the x and y axis directions, allowing for the foil to be moved
in a rastering motion while the laser remained stationary. Larger area of sampling also
improves sensitivity.4 While the manual rastering stage did allow for a larger sampling
area and higher throughput, reproducibility was still an issue.
To improve reproducibility, the manual raster stage was automated, eliminating
the variability of the rastering speed during and between experiments. This effort is
discussed in this chapter. Once the rastering stage was automated, optimal rastering speed
was investigated and determined for multiple samples. Lastly, the temperature of the foil
during rastering was measured at different locations on the foil. While extensive work has
been done to investigate the evolution of the thermal wave and the thermal wave’s
interaction with the sample during LIAD, all of this was performed using a single laser
pulse or pulses separated by several seconds.10,12,15 Since the rastering LIAD setup
involves continuous pulsing of a laser at 10 Hz for over four minutes, the results from
literature may not apply. For this reason, the temperature of the foil was measured while
rastering.

6.2 Experimental
Titanium foil (12.7 µm thick) was purchased from Alfa Aesar (Ward Hill, MA).
1,6-Di(hex-1-yn-1-yl)pyrene and 2,1’-4’,2”-Ternaphthalene were synthesized.16
Coronene (97%) was purchased from Sigma-Aldrich (St. Louis, MO). Asphaltene sample
Finnish C was precipitated by using n-heptane from Russian crude oil and provided by
Neste Oil. All samples were deposited onto Ti foil by using a custom-built deposition
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chamber, which has been described previously.14 All samples were dissolved in carbon
disulfide (99.9%) from Sigma-Aldrich (St. Louis, MO) and pipetted into the chamber,
where they were dried with a stream of argon gas.
The raster LIAD probe used in this study has been described previously.14 The
automated raster LIAD stage built in this study was designed and constructed with help
from Mark Carlsen and Randy Reploge of the Jonathan Amy Facility for Chemical
Instrumentation at Purdue University. Rastering of the foil was performed by using an
adjustable stage in the x and y directions along with a stationary laser beam. The
automated raster stage setup was constructed from DC input step motor drivers, NEMA
11 step motors with an encoder, and an encoder cable from Applied Motion Products
(Watsonville, CA). An NI UMI-7764 20 MHz encoder, SH68-C68-S cable, and 2-axis
stepper/servo controller were ordered from National Instruments (Austin, TX). A linear
power supply with 24 V/3.6 A output was ordered from Digi-Key (Thief River Falls,
MN). The raster LIAD stage was fastened to an IonMax box of a Thermo Scientific
linear quadrupole ion trap (LQIT). The temperature of the IonMax box was about 100
o

C. No solvents were flown through the APCI source. Only nitrogen was introduced into

the IonMax box. All LIAD experiments were performed using a Continuum Minilite I
Nd:YAG laser using 532 nm wavelength, 12 mJ (at 532 nm) nominal power, 10 Hz
repetition rate, 6 ns pulse length, 1 cm-1 line width, <3 mrad divergence, and a beam
diameter of 3 mm. A system of kinematically mounted high-power reflective mirrors was
used for beam alignment.13 Temperature measurements were performed using K-type
thermocouples. All images were taken using a FEI Philips XL-40 scanning electron
microscope (SEM). An electron beam of 5-10 kV was used.
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6.3 Results and Discussion

6.3.1 Automation of the Rastering Stage
Working with the Jonathan Amy Facility for Chemical Instrumentation, a new
LIAD stage was designed for automated rastering that fits within the confined space of
the Ion Max ionization source on the Thermo Scientific LTQ. A motor system and
control box were incorporated into the design of the original manual raster stage and a
LabView program was written to control the movement of the stage in the x and y
directions.14
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Figure 6.1 Images of the novel automated raster LIAD stage. (a) Top view of the stage
showing foil holder, probe inlet, and motor towers. (b) Closer view of the optical sensor
assembly. This assembly allows the user to manually set a maximum area of movement.
(c) LIAD foil stage and rastering assembly. (d) Side-view of LIAD foil stage and
rastering assembly.

The newly designed stage consists of threaded drive rods which are connected to
subminiature flexible drive shafts (Figure 6.1). These drive shafts are connected to
NEMA 11 high torque step motors. Attached to each step motor is an optical sensor
assembly. The purpose of the optical sensors is to allow for control of the automated
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raster stage’s movement. The step motor drivers are connected to an encoder and
controller unit.

Figure 6.2 Screenshot of LabView program written for automated raster LIAD stage. (a)
Functions allowing for control of the raster speed and spacing between lines. (b)
Diagnostic tools for troubleshooting. (c) Users have the ability to offset the rastering area
on the x-axis and y-axis.

The automated raster LIAD stage is controlled via a LabView program developed
by the Jonathan Amy Facility for Chemical Instrumentation. The program not only
allows the user to track the progress and movement of the raster LIAD stage during an
experiment, but also gives the user control over various parameters (Figure 6.2). This
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includes the ability to change the raster speed by increments of 0.5 mm/minute (range
0.5-200 mm/minute), change the spacing between each raster line by increments of 0.5
mm (range 0.5-5mm), and implement a limit for rastering for both the x and y axis.
Validation of the automated raster LIAD stage was carried by comparing manual and
automated LIAD experiments for an equimolar mixture of coronene, 1,6-di(hex-1-yn-1yl)pyrene, and 2,1’-4’,2”-ternaphthalene, which was discussed in the previous chapter.
By automating the raster LIAD stage, variance of rastering speed during LIAD was
reduced, leading to consistent sample desorption (Figure 6.3). The increased
reproducibility comes with the drawback of having less sampling area compared to the
manual raster LIAD stage. This decrease is due to the limitations imposed by the size of
the Ion Max ionization source. Sampling area of the foil in the automated raster LIAD
stage is limited to 75% of that in the manual raster stage (100 mm2 compared to 133
mm2).
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Figure 6.3 SEM images comparing desorption of an asphaltene model mixture after
manual and automated rastering. SEM images (a and b) show drastically different
desorption efficiency between two experiments wherein manual rastering was used. SEM
images (c and d) show that by using automated rastering, higher reproducibility between
experiments improves.

6.3.2 Rastering Speed Optimization
Raster speed during LIAD experiments is an important parameter controlling how
efficiently the sample desorbs. Rastering at a very fast rate does not allow effective
desorption of sample (Figure 6.4). Desorption efficiency at different rastering speeds was
studied using an asphaltene model compound, 2,1’-4’2”-ternaphthalene, and an
asphaltene sample, Finnish C. These samples were used for this study since the model
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compound desorbs easily while the asphaltene sample does not. The speeds used ranged
from 20 mm/min up to 130 mm/min, with 10 mm/min increments (Figure 6.5). When
looking at the SEM images obtained after LIAD for foils containing the asphaltene model
compound, efficient desorption was concluded to occur at all speeds down to 20 mm/min.
The SEM images obtained after LIAD for foils containing the asphaltene sample, Finnish
C, show that desorption is only efficient within the speed range from 30 mm/min up to
110 mm/min. Speeds outside this range lead to a decrease in desorption efficiency.

Figure 6.4 SEM images of asphaltenes on a foil after a LIAD experiment using (a) slow
and (b) faster rastering speed. The sample, Finnish B, shows normal desorption efficiency
for an asphaltene sample after a LIAD experiment using slow rastering speed. However,
when the rastering speed is increased, no visible desorption occurs.
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Figure 6.5 SEM images of 2,1’-4’,2”-ternaphthalene, a sample with high desorption
efficiency, (a - l), and Finnish B asphaltene, a sample with low desorption efficiency (m x), as a function of rastering speed. (a - l) The sample completely desorbs between the
speeds of 30 mm/min and 130 mm/min but shows only limited desorption at 20 mm/min.
(m - x) Between the speeds of 30 mm/min up to 130 mm/min, the sample shows ample
desorption, but only limited desorption at 20 mm/min and at or above 110 mm/min. The
low desorption efficiency of both samples at 20 mm/min can be explained by the foil
buckling out over time, thus reducing the laser focus on the foil. The limited desorption
of Finnish B sample at or above speeds 110 mm/min suggests that higher rastering speeds
may even further lower desorption efficiency that for samples with low desorption
efficiency.
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An explanation for low desorption efficiency of the samples when rastering at
lower speeds is that with each laser pulse, the foil gets slightly dented outwards. As the
rastering process at lower speeds takes longer, the foil will become pushed out more than
when using higher speeds. This can lead to the laser not being focused on the foil, which
decreases the strength of the acoustic waves. Lack of desorption of Finnish C sample at
speeds above 110 mm/min is likely due to the fact that fewer laser pulses reach the same
spot of the foil, meaning that fewer acoustic waves are being generated for a given area.
Since asphaltene compounds do not fully desorb with a single shot during atmospheric
pressure LIAD, it is not surprising that the lower raster speed gives higher efficiency
desorption, as more acoustic waves can interact with the sample.

6.3.3 Temperature Measurements at the Foil
Previous experiments have proven that the thermal wave generated during LIAD
does not interact with the sample being desorbed when the foil is as thick as used in these
experiments.10,12,15 However, these conclusions apply to experiments wherein a single
laser shot was fired onto the foil or if multiple laser shots were employed, they were
spaced out over multiple seconds. Unlike in these previous experiments, the automated
raster LIAD setup exposes the foil to continuous laser pulses for the entire period of the
experiment. Therefore, it is necessary to find out whether this increase in laser exposure
leads to a temperature increase of the foil over the course of an experiment.

120

Figure 6.6 A thermocouple attached to Ti foil (a) within the raster path and (b) outside of
the raster path. The red box represents the sampling area of the foil and the green dot is
the attachment point of the thermocouple. The highest temperature increase, starting from
room temperature, was (a) 20 oC and (b) 10 oC.

Figure 6.7 Graph of temperature measured inside and outside of the rastering area on the
foil.
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To determine changes in the temperature of the foil, K-type thermocouples were
soldered onto the side of the foil where sample would normally be placed. Data was
obtained at a sampling rate of 2.5/seconds. Two positions were picked, with one position
being outside of the rastering area and one within the rastering area (Figure 6.6). By
measuring temperature at these two points during the rastering of the foil, the overall
temperature increase of the foil and also the increase of temperature at the spot to which
the laser is focused can be determined. The thermocouple attached outside of the
rastering area only measured a temperature change of +10 oC (22 oC to 32 oC) during the
experiment, while the thermocouple attached inside of the rastering area measured a
temperature change of +20 oC (23oC to 43oC) while the laser was hitting the foil at this
spot. Hence, in spite of the fact that the foil is exposed to more laser pulses during
automated raster LIAD experiments, the temperature change that occurs at the foil in the
desorption area is negligible with regards to temperatures leading to fragmentation or
thermal desorption of these type of compounds.

6.4 Conclusions
Development and validation of a novel automated atmospheric pressure raster
LIAD setup for more consistent rastering speeds was accomplished. Ideal rastering
speeds for samples with low and high LIAD desorption efficiency was determined. The
ideal speed for the sample with high LIAD desorption efficiency was found to be any
speed greater than 20 mm/min, up to 130 mm/min, which was the maximum speed tested.
For the sample with low LIAD desorption efficiency, the ideal rastering speed was
between 30 mm/min and 110 mm/min. Both samples showed lower LIAD desorption
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efficiency for lower rastering speeds, likely due to buckling of the foil from overexposure
to laser pulses. Speeds over 110 mm/min for the sample with low desorption efficiency
were too high due to fewer laser pulses hitting a given area, thus generating less acoustic
waves for that area.
A temperature study of the foil was also performed, as previous knowledge is
limited to single or periodic exposure of the foil to laser pulses. During rastering, the
largest increase in temperature within the raster area was +20 oC and outside this area
+10 oC. These results show that thermal degradation or desorption of the sample during
the LIAD experiment is not of concern. Future work should focus on redesigning the
automated stage so that the area of rastering on the foil is increased. The gear system
used should also be improved to limit the need for maintenance.
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Large thermally labile molecules were not amenable to mass spectrometric analysis until the development of atmospheric pressure evaporation/ionization methods, such as electrospray ionization (ESIJ and matrix-assisted laser desorption/ionization (MALDll.
since attempts to evaporate these molecules by heating induces degradation of the sample. Wh ile ESI and MALDI are relatively soft
desorption/ionization techniques, they are both limited to preferential ionization of acidic and basic analytes. This limitation has been
the driving force for the development of other soft desorption/ionization techniques. One such method employs l aser-induced acoustic
desorption (LIADI to evaporate neutral sample molecules into mass spectrometers. LIAO utilizes acoustic waves generated by a laser
pulse in a thin metal foil. The acoustic waves travel through the foil and cause desorption of neutral molecules that have been deposited
on the opposite side of the foil. One of the advantages of LIAO is that it desorbs low-energy molecules that can be ionized by a variety of
methods, thus allowing the analysis of large molecules that are not amenable to ESI and MALDI. Th is rev iew covers the generation of
acoustic waves in foils via a laser pulse, the parameters affecting the generation of acousti c waves, possible mechanisms for desorption of neutral molecules, as well as the various uses of LIAO by mass spect rometrists. The cond itions used to generate acoustic or
stress waves in solid materials consist of three regimes : thermal, ablat ive and constrained. Each regime is discussed, in addition to
the mechanisms that lead to the ablation of the metal from the foil and generation of acoustic waves for two of the regimes. Previously
proposed desorption mechani sms for LIAO are presented, along wi th the flaws associated w ith some of them . Various experimental
parameters, such as the exact characteristics of the laser pulse and foil used , are discussed. The internal energy and velocities of the
neutral desorbed molecules are also considered. Our research group has been instrumental in the development and use of LIAO. For
example, we have systematically examined the influence of many parameters, such as the type of the foil and its thickness, as well as the
thickness of the ana lyte layer, on the efficiency of desorption of neutral molecules. The coupling of LIAO with different instruments and
ionization techniques allows for broad use of LIAO in our research laboratories. The most important applications involve analytes that
cannot be analyzed by using other mass spectrometric methods, such as large saturated hydrocarbons and heavy hydrocarbon fractions
of petroleum. We also use LIAO to characterize lipids, peptides and oligonucleotides. Fundamental research on the reactions of charged
mono-, bi- and polyradicals with biopolymers, especially oligonucleotides, also requires the use of LIAO, as well as thermochem ical
measurements for neutral biopolymers. These are but a few of the uses of LIAO in our research group.
Keywords: mass spectrom etry, LIAO , laser desorpti on, acou stic waves, soft desor ption, the r mally labi le molec ules. me tal foil, asphalt enes,

desorption mechanisms

Introduction
While mass spectrometry is a highly versatile analytical
technique , it is not without l imitations. The analysis of large
thermally labile molecules presents a challenge to mass
spectrometry since these mo lecu les cannot be evaporated
simply by heating them without inducing fragmentation. Soft

ISSN: 1469-0667
doi: 10.1255/ejms.1162

desorption/ionization methods . wherein desor.p tion and ioni zation occur almost simultaneously, have been developed to
address this limitation. The mos t well - known methods are
ma trix - assisted laser desorption ioniza tion [MALDI] and electrospray ionization [ESll. which both ionize analytes predomi -
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nantly by proton transfer. However, ne ither MALOI nor ESI can
be used to ion ize molecules without ac idic or basic funct ional
groups, such as saturated hydrocarbons 1- 3 Furthermore,
when analyz ing m ixtures, the most ac idic and basic compo -

ILQITI mass spectrome t er or into the atmospheric pressure
ionizat ion source of the LQIT. The probe conta ins i nternal
optics that direct the laser beam off -center to the foil attached
to the probe 23 This off - center focusing allows for rotat ion

nents are predom inantly ion ized.

of the probe and a circular desorption pattern on the foil.

The l i m itat ions of MALOI and ESI have led to the development of add it ional soft desorption methods. One such

Although the laser beam is off center at the foil , the plume of
the desorbed molecules overlaps the center axis of the trap.

method is laser - induced acoust ic desorpt ion !LIAO). Th e

A Nd:YAG laser with 532 nm, 3 ns pulse is used to irrad iate an
area of about 10- 3 cm 2 on the fo il. A max imum power of 25 mJ

use of lasers for the generat ion of shockwaves and acoust ic
waves in various materials, such as mercury, 4 alum in1um 5·6
and copper, has long been researched by materials scient ists
and phys icists al ike 4- 6·8 The fact that acoust ic waves init iate

can be used for each pulse. 23
A maj or strength of LIAO compared to other laser desorpt ion methods 14 is that the laser l ight never interacts with the

desorpt ion of low-energy neutral molecules from the opposite
side of the i rrad iated foil 9 made experimental i nvest igation

analyte molecules , wh ich makes this method much gentler
than direct laser desorpt ion. However, the need to generate

7

of acoust ic waves relevant to the field of mass spectrom-

strong acoustic waves ma k es LIAO a more compl icated

et ry. LIAO was orig inally exam i ned as a potent ially useful

experiment. While the i nteract ion of pu l sed laser l ight w ith
metal foils results in st ress waves in the foil, not all interac-

desorpt ion/ion izat ion method, muc h like MALOI, by Lindner
and Seydel in 1985 and Lindner in 1991.7· 10 However, the ion izat ion efficiency of LIAO was found to be very low and Lindner

t ions produce the same type of stress waves. There are three
regimes, based on laser power density and some add it ional
conditions, such as a constra ining surface, that result in the

concluded that mainly neutral molecules were desorbed u pon
LIA0. 10 LIAO was i ntroduced as a desorpt ion technique for

creation of different types of waveforms in the metal foi ls 8 The

neutral molecules and coupled with a separate ion izat ion

three reg imes, called thermoelast ic, ablat ive and constra ined,

method by Kenttamaa and co-workers in 2000. 11 Since then,
the use of LIAO has steadily increased.

have been dist i ngu ished based on the displaceme nt of the
backside of the foil due to bending by the stress wa ves !Figure

Since evaporat ion and ionizat ion are separated i n LIAO

1]. 8 Each reg ime produces distinct stress waves by a differ ing

experiments, they do not have the same limitations as MALOI
and ESI experi ments, and can be used to analyze a much
wider range of analytes. Th is versatil ity is due to the fact that

mechanism , as discussed below
Laser pulses hitt ing the front -side of the foil with low power
dens it ies i n the thermoelast ic reg i me, correspond ing to

LIAO can be coupled with a multitude of different ion izat ion
techn iques, rang ing from electron and chem ical ionization to

in fo ils s ince the laser pulse is only heat ing the foil without

ESI 12 and atmospheric pressure chemical ionization 11 3 IAPCll.

causing ablat ion. 8· 15 Since thermal waves cause degradation

It has been implemented in a wide range of different mass
spectrometers . and different react ion regions in t he mass
spectrometers. 11
Th is rev iew covers the generat ion of acoust ic and stress

Figure 1lal. generate thermal waves instead of acoust ic waves

of thermally lab ile analytes, this regime will not be given much
attent ion below.
For the ablative reg ime , the lower power density li mit at the
fo il surface depends on the metal used. Generally, the ablation

waves, along with the mechan isms of the i r generat ion.
Poss ible mechan isms leading to desorpt ion of neutral mole -

t h reshold is around 108 Wcm- 2 8· 11· 16· 17 At th is power density,
t he i rrad iated foil undergoes such an extreme temperature

cules and different exper i mental parameters i nfluenc in g

change that a metal plasma is formed. 18 A more deta i led

t he effi c ien cy of LIAO are also discussed. These parame t ers

description of how this ablation occurs w ill be given below

include , but are not l imited to, laser power density, pulse w idth
and fo il material. Implementat ion of LIAO to different mass

The key to the generation of acoust ic waves in th is reg ime is

but, for now, the generation of acoust ic waves is the focus.

are covered. Various appl icat ions of LIAO are also discussed,

conservat ion of momentum. 4 As metal ions are ejected from
the fo il surface upon ablat ion , an equal force is created in the

includ ing characterization of petroleum products and funda-

oppos ite direct ion, into the fo il: the acoustic wave. Wh ile not as

mental stud ies on radical degradat ion of biopolymers.

powerful as a shockwave, 14 the acoustic wave in the ablative

spectrometers and coupling with several ion izat ion methods

regime is cons iderably stronger than the thermal wave of the
thermoelast ic regime. It is within th is power density reg ion

Mechanism of laser-induced
acoustic desorption

that LIAO operates.
While having the same power density as the ab lat ive regime,

Generation of acoustic waves
for laser-induced acoustic desorption

side of the fo il hit by the laser. Th is layer consists of either a
glass or liqu id [glycerol] layer or both. 12 The use of both l iqu id

In our laboratories, LIAO is performed with a focusing probe,

and glass layers yields the highest ampl itude acoust ic waves

w hi ch is inserted into the back of a Fourier transform ion
cyclotron resonance IFT- ICR] or a l inear quadrupole ion trap

[F igu re 21 12 As seen in Figure 1lcl . the displacement caused
by a constra ining surface when using the same laser power

the constra i ned reg i me results i n more powerful acoust ic
waves. 12 Th is is due to a constra in ing layer placed_ over the

.
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sharpness of the acoustic waves compared to those of the
other regimes is due to the lack of heat i ng of the plasma
plume for this one reg i me. 11 Heating of the plasma plume
arises from the laser energy absorbed by the plasma, which
causes heating of the surrounding area, including the foil. 8 The
liquid layer isolates the plasma plume from the foil surface ,
preventing additional heating of the foil. 8 Further discussion
on the absorbance of energy by the plasma plume is provided
in the section on laser pulse parameters.

Laser pulse irradiation and
ablation
A detailed descript ion of the processes following irradiation of
a metal fo il by an ultraviolet laser pulse has been published
by Fain and Lin for the ablat ive reg ime 18 Upon laser irradia tion , the metal atoms in the foil become electronically excited.
These exc ited atoms can undergo intersystem crossing to
vibronic states, which interact strongly w ith the phonons [a
representation of a vibrational state 20 J of the metal. These
processes are represented in Figure 3. 18 The result of this
interaction is that as more energy is depos ited in to the metal
from the laser, the phonons of the metal become more exc ited.
While t hese phonons decay over t ime, the amp lific at ion rate

(b l

is much greater than the decay rate. The high i ncrease in
phonon excitation leads to a large temperature increase in a
very short time, which causes boiling of the metal surface and
the backward ejection of a plume of metal cations.

Mechanisms for the desorption of molecules
by laser-induced acoustic desorption
Desorption of neutral molecules by acoustic waves has char acteristics t hat make ass igni ng a mechanism difficult. One
such aspect is that LIAO desorbs large fragile molecules with
little to no fragmentation. The lack of fragmentation indicates
that a minimal amount of internal energy is depos ited into
the desorbed neutral molecules. The internal energy of molecules desorbed from -12µm thick t itan ium fo il by a 532nm ,
3 ns laser pulse [with a power density of -9.0 x0 8 Wcm- 2 at

(c

I

Figure 1. Backside displacement over time for each regime of
stress wave generation: (al thermoelastic, (bl ablative and (cl
constrained. The y-axis ranges from 0 pm to 88 pm for (al and
(bl and from 0 pm to 440 pm for (cl. The x-axis ranges from
Oµs to 0.5µs . Adapted, with permission, from Hutchins et al. 8
Copyright 1981, American Institute of Physics.

the foil) was explored in a bracketing study where molecules
evaporated by LIAO were demonstrated not to undergo endothermic proton transfer reactions [Figure 41. 9 The samples
were electrospray deposited on the foil by using -30µL of an
-10 mmol L- 1 solution. 9 These findings show that a m inimal
amount of energy is transferred to the molecules from the
acoustic waves.
The thermal wave created by a laser pulse in a foil cannot
explain LIAO. For example, using an equation for the evolu tion of heat through a metal, Zinovev et al. calculated that the

density is much sharper and more powerful than that of the

backside of the foil should be at a temperature of n.o more than

ablative regime. 8 The reason for the increased amplitude and
sharpness of the acoustic waves is two-fold. By adding a resis-

300-350°C

tive layer over the foil, additional normal forces are generated.
Th is accounts for the increased ampl itude. 8· 19 The increased

The low temperature makes thermal desorotion highly
unlikely. In the same study, the travel t imes of the thermal

16

These values were calculated using properties

and power densities of tantalum below the ablation threshold.
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Figure 2. Surface of a silica gel thin-layer chromatography (TLC) plate after LIAO. (a)-(cJ TLC plate, (di-If) TLC plate with a glass plate
mounted behind it and (gl-lil glycerol between the TLC plate and glass plate. The power densities used were 3.9 x 10 8 W cm- 2 [(al,
(di. (gl], 7. 9 x 108 W cm- 2 [ (bl. (e l, (hi] and 2.1x10 9 W cm- 2 [(cl, (fl. (i)]. Adapted, with permission, from Cheng et al. 12 Copyright 2009,
American Chemical Society.

and acoustic waves were measured. The travel time for the

direct energy transfer. Linder observed that triphenylpro -

thermal wave through a 150µ.m tantalum foil was measured
to be about ＱＰｾｌｓ＠
while the travel time of the acoustic wave
was only 16µs. 16 The most compelling argument against a

pylphosphonium bromide and dodecyltriphenylphosphon1um
bromide desorbed at the same laser power density and at
the same efficiency at this power density (Figure 61. 10 Yet ,

thermal desorption mechanism , however, is simply the fact

these molecules not only differ in mass bu t also greatly

that some of the molecules evaporated by LIAO are thermally
labile but, upon desorption, they do not fragment. 10 ·11 This has
been shown in our own laboratories for peptides 21 and oligo nucleoti des. 9·22 ·23
The mechanism that has generally been accepted for LIAO
is the "shake - off" mechanism, which was used to explain LIAO
in some of the first LIAO mass spectrometry experiments .7
Based on this mechanism, the analyte molecules are pushed

l

off by the sudden displacement of the foil surface caused by

I

acoustic waves. Another take on th is mechanism deals with

closer to the frequencies of molecule - surface bonds than to

I
I
I

those of intramolecular bonds. 24 However, the analyte layer

l

frequency - based shake-off. Golovlev et al . suggested that the
frequency of the acoustic waves produced by laser pulses is

ＭｾｮｷＮｩ＠

deposited for LIAO is not a monolayer and, hence , this explanation is most likely incorrect.
When considering the "shake - off " mechanism, one would
expect a direct energy transfer from the acoustic waves to
the molecules being desorbed However, no such energy
transfer occurs. For example, when Shea et al. increased
the laser power density (f rom 2.0 mJ to 7.5 mJ) and, thus ,
15
amp l itude , · 16

the acoustic wave
they learned that the flight
time of the desorbed molecules did not change (Figure 5). 25
If the molecules were "shaken off' from the foil by acoustic
waves, one would expect stronger acoustic waves to desorb
molecules with higher velocities. Further, even some of the
first LIAO experiments show data that do not agree with

Figure 3. Illustration of energy flow in a laser irradiated metal
foil, leading to ablation. The metal atoms are excited from
the ground energy level, <.p 0 , to the excited state, 'f's· Intersystem crossing , v , 1, occurs allowing energy transfer to excited
vibronic levels, <p,. These levels interact with phonons to cause
ablation. Phonon decay is represented by hwg. Adapted, with
permission, from Fain and Lin . 18 Copyright 1989, American
Institute of Physi cs .
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Figure 4. Examination of the internal energies of desorbed molecules based on their gas-phase basicity. Sample molecules were
desorbed using LIAO and allowed to react with protonated reference molecules of known gas-phase basicity values. Only exothermic
reactions were observed, showing that the molecules evapo rated by LIAO gain only small amounts of internal energy in the process.
The least endothermic reaction studied had an endothermicity of about 1 kJ mo1- 1 (-42 me VJ. Adapted, with permission, from Shea et
al. 9 Copyright 2007, American Chemical Society.

in their intermolecular bonding ability. For example, the ir

intermolecular binding ability. dodecyltriphenlyphosphonium,

melting points are 238°C a nd 80°C, respectively. 10 If there
were a direct transfer of energy, the mo lecule with a weaker

should not only desorb at a lower laser power density but

energy occurred . the acoustic waves do not have enough
speed t o ··shake off' molecules. Zinovev el al. calculated that
for molecules with MW of 200-50 0 Da. the requ ired speed of
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also more efficie ntly.
Further studies suggest that even if a direct transfer of

forces. 1" This presents a problem for the ··shake-off' mechanism since the maximum backside displacement velocity for
laser -irradiated foils has been measured to be about 100ms- 1
when using laser pulses wi t h power densit ies >5 x 10 8 W cm- 2 on

ｾ＠

a 12.5 11m tanta l um foil. 16·26 While the first and most powerful
foil displacement occurs in less than a microsecond, desorption

0
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Figure 5. Flight times measured for 4-hydroxy-o.-cyanocin namic acid molecules from the sample foil to the center of
the FT-ICR cell. The molecules were desorbed using varying
laser pulse powers and ionized using electron ionization.
The shortest arrival time of the molecules and the arrival
time distribution is the same for each power used. These
results suggest that there is no direct ene rgy transfer from
the acoustic waves to the desorbed molecules. Adapted, with
permission, from Shea et al. 25 Copyright 2007, American
Chemical Society.

occurs over a range of tens of microseconds. 14 This finding is
important sin ce desorption due to ··shaking off' would happen
during the largest displacement. not over t ime. 14
A new mechanism for LIAO was published in 2007 by Zinovev

et al. 14 The basis of the mechanism is that the deposited film
[sample] on the foil is no t in a relaxed energy sta t e but experiences a .. film strain ". which contributes to an in crease in
energy stored in the film. 27 It is important to note that this type
of film strain has been attributed to islands and not contin uous fi l ms .1" Upon interaction with acoustic waves and due to
any temperatu re increase . the film becomes deformed . This
deformation causes cracks in the t hin film, which releases

.
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Figure 6. A mass spectrum measured for an equimolar mixture of triphenylpropylphosphonium bromide and dodecyltriphenylphosphonium bromide, evaporated by LIAO. Both molecules were found to have the same power density desorption threshold regardless
of their different molecular weights and intermolecular bonding ability. Adapted from Lindner. 10 Copyright 1991, with permission from
Elsevier.

much of the energy sto red in the form of "film strain" and
serves as a desorption site. The lack of direct energy transfer
between the acoustic waves and the desorbing molecules can
be explained by the proposal that the excess energy stored
in t he film causes desorption of the neutral molecules. 14
Rupt uring of the thin film also has a small chance of breaking
intramolecular bonds , which may explain why sometimes a
small amount of fragmentation is seen. 28 However. the appli cability of this mechanism to the experiments involved in most

analytical applications of LIAO is not clear since these experiments use a continuous layer of sample on the foil .

Experimental parameters
influencing laser-induced
acoustic desorption
Laser pulse parameters
When considering the different experimental variables associ-
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Figure 7. Signals measured for ions of varying m/ z values as a
function of laser power density. An increase in the power density results in the desorption of a larger amount of molecules
and of molecules of greater m/z values, up to m/z of 1,000
m/z and over. Adapted, with permission, from Shea et al. 29
2006, American Chemical Society.

ated with LIAO. the most important ones relate to the laser
pulse. Figure 7 shows that as the power density of the pulse
increases . not only do the ions detected by the mass spectrometer at lower power densities increase in abundance
but larger molecules begin to desorb. 29 Although one would
think that increasing the power density up to the perforation
threshold of the foil would lead to more efficient desorption.
too large a power density can cause reduction in the effi ciency to genera te acoustic waves due to plume shielding. The
concept of plume shielding is rather simple. Ablation of the
foil happens much faster than the laser pulse, which 1s on the
nanosecond timescale. 17 Therefore. after the lead ing edge of
the laser pulse causes ablation, the plume of metal ions that
was ejected covers the path of the laser and absorbs part of the
rema ining laser pulse energy. 5·6 Using a laser power density
with an optimal magnitude causes ablation after most of the
laser pulse has reached the foil and , hence, provides higher
amplitude acoustic waves. Too large a laser power density
can cause ablat ion early in the pulse, thus resulting in a great
percentage of the remaining laser pulse being absorbed by the
plasma plume. 56 This can be seen in Figure 8. 6 Early research
carried out by Fox et al. also showed that the amplitude of the
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Figure 8. Plume shielding is demonstrated by changes in the
amplitudes of the stress waves produced while increasing the
laser power density. Below 1OOJ cm-'. stress increases linearly
with the power density. However, once the power density is
greater than 100J m- 2, plume shielding occurs early enough
during the laser pulse that the plasma plume absorbs part of
the remaining laser pulse , resulting in decreased stress wave
amplitude. Adapted, with permission, from Fox and Barr.•
Copyright 1973, The Optical Society of America .

PULSE DUR.ATIOJI (A m l
Figure 9. Amplitude of the stress wave as a function of laser
pulse duration. Adapted , with permission, from Fox and Barr.6
Copyright 1973, The Optical Society of America .

stress waves generated by laser pulses decreased with lon ger

150 total laser shots, eac h fired at a differen t spot on the foil.

pulse time , in the range of 5- 50 ns [Figure 9). 6
The quality and intensi ty of the ion signal in LIAO experi ments depends strongly on the number of laser shots applied

Hence , each data point in the figure represen t s th e total ion
sign al from one full ro t ation of the foil. The first 150 shots
were all fired at fres h spots. However, the next 150 shots

to the foil. However, it is impor tant to make a distinction
between multiple shots at the same spot and shots at different

ated once. The third set of 150 shots was fired at spots that

were fired at spots on the foil that already had been irradi -

spots on the foil. 29 Figure 10 illustra tes the large decrease in

had already been irradiated twice . It is obvious from Figure

ion signal when the laser is fired at the same spot up to six
times. Each full rotation of the LIAO probe corresponded to

10 that the larger number of laser shots fired at the same
shot , the lower the abundance of detected ions. Clearly, LIAO
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Figure 10. The total ion signal measured for the tetrapeptid e,
VAAF, evaporated by LIAO and ionized with protonated acetone,
as a function of the cumulative number of laser shots fired.
Each complete rotation of the LIAO foil corresponded to 150
shots. Therefore, each data point represents a single rotation
of the sample foil. After the first 150 shots, ion signal greatly
decreases. Adapted, with permission, from Shea et al.29 Copyright 2006, American Chemical Society.

Figure 11 . Energy-dispersive X-ray spectroscopy scanning
electron microscope line scan tracing the abundance of carbon
across a desorption spot on a foil containing an asphaltenes
sample. The line shows that a complete desorption of the
asphaltenes sample has occurred in the middle of the
desorption spot.
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is highly effective, as evidenced by large -quantities of sample
being desorbed upon the first rotation, making the need for
multiple laser shots in the same spot unnecessary. We have
backed this conclusion by the use of energy-dispersive X- ray
spectroscopy on a scanning electron microscope. Images

of the desorption spots of LIAO fo ils show that complete
desorption of molecules from the irrad iated area occurs
upon one laser pulse [Figure 11). Multiple shots at different
spots on the foil , however, can be very useful . As with any
form of data collection, averaging mult ip le sets of data lead
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Figure 12. Mass spectra measured for the pept ide VLP evaporated by LIAO and ionized by protonated acetone. LIAO was carried out
by using {al 1, {bl 5, !cl 25, {di 100 and {el 250 total laser shots fired while rotating the foil to avoid hittin g the sam e spot. Adapted, with
permission, from Shea et al. 29 Copyright 2006, American Chem ical Society.
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Table 1. Properties of metal foils .

Metal

Thickness

Thermal expansion

[µml

coefficient

Thermal conductivity
!Wcm- 1K- 11

Reflectivity at 532 nm

0.81

Ix 10-6 oc-11
Ag

12.5

18.8

4.29

Al

100

24.0

2.37

0.91

Au

100

14.4

3.18

0.81

Cu

12.5

16.8

4.01

0.62

Fe

12.5

100

0.804

0.57

Ti

12.7

11.9

0.219

0.50

Hg'

NA

60.6

0.0839

0.69

The table is adapted, with permission, from R.C. Shea et al-" Copyright 2006, American Chemical Society.
'LIAO from a Hg substrate was not performed in these experiments.

29

to a greater signal - to - noise ratio

The mass spectra in

Figure 12 illustrate the effects of varying the number of laser
pu l ses, each at a new spot of the foil. It should be noted that
even though the heights of the peaks in the mass spectra

many different types of metal foils, as listed in Tab le 1. 29 The
ideal metal shou ld possess low ref lectivity ai the chosen waveleng t h, low thermal conductivity and a high thermal expansion

vary based on t he number of laser shots, the use of multiple
shots has no effect on the branching ratios of the product

coefficient. Such a metal would allow 'or high energy absorb ance , containment of t he thermal energy near the irradiated
area and high st r ess forces produced due to heat. While none

ions. 29 This is essen t ial since increasing the signal -t o- noise

of t he meta ls exa m ined excelled in all three areas, it is clear

ratio may be necessary in situations where the abundance

from Figure 13 t ha t t he best metal for LIAO out of those tested
is titani u m. 29 Tantalum has al so been used for LIAO and has
propert ies that may allow for more efficient desorption . 16 ·26

ratios of product ions are important.

Tantalum foil has a reflect vity lat 532 nm) of 0.351 [70% of that
of ti tanium); t hermal conduc t ivity of 0.575Wcm- 1 K-· [twice

Foil parameters

that of titanium) and thermal expansion coefficient of 6.3°c- 1

Desorption of intact mo lecules is greatly dependent on the

[the same as titanium). 16 ·26 Several foil thicknesses were

type and thickness of the foil used. Shea el al. looked into

also examined and about 12 µm was found to be optimum.
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ation of the acoustic wave [Figure 14]. 16 Similarly, very th ick

Substantially thinner foils resulted in thermal degradation of
the sample

10

a)

sample layers lead to attenuation of the acoustic wave. 10

while increasing the thickness leads to attenu-

b)
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Applications

the [un til then, controvers ial] molecular weight distribution
for an asphaltenes sample [Figure 171. 30 which is now widely

LIAO has allowed for many types of intact neutral molecules

accepted as being correct.

to be evaporated into mass spectrometers that are difficult or
impossible to analyze by other mass spectrometric methods,
such as non-polar asphaltenes 30 and base oil fractions. 22 In

42

Chemical ionization

many cases, the analytes have been ionized with minimal frag-

Similar to El , the coupling of chemical ioniza t ion [Cl) with LIAO
was first carried out in FT-ICR mass spectrometers. 11 In these

mentation via a careful selection of the ionization technique.

experiments, reagent ions are generated and trapped until the

Fu rt her, various large or thermally la bile compounds, including
peptides, 11 ·21 ·23 ·31 ·32 o l 1g on u cleat id es 33 ·34 and steroids, 1·1 1·1 3·35
have been successfully desorbed using this technique. Very
large particles, even entire cells, 36 - 38 have been desorbed by

neutral molecules, evaporated via LIAO, enter the trap to react
with the ions. React io ns such as electron, proton and atom
group transfer have been commonly observed. 11 This is a more
valuable method than El in many cases because the experi-

LIAO. To unambiguously demonstrate the absence of fragmen tation upon LIAO, a trinucleoside di phosphate was evaporated
from a foil by LIAO in to a glass vial. 9 The desorbed molecules

ment can easily be ta ilored to ionize the analyte of interest
without fragmentation by selecting the best reagent ion for

in the vial were dissolved in methanol and analyzed using ESI

is much greater than that of the reagent, proton transfer from

coupled with a quadrupole ion trap [OITI. The mass spectrum
measured was essentially iden t ica l to that measured for the

the protonated reagent to the analyte will generate an analyte
ion with a lot of in ternal energy, often leading to fragmentation.

original trinucleoside diphosphate solution [Figure 15].

the situation. For example, if the proton affinity of the analyte

While proton transfer can be used to ionize acidic and basic

The ability to desorb intact neutral molecules of vastly
different sizes and types at the same t ime makes LIAO an

analytes desorbed by LIAO, finding soft ionization methods

excellent techn ique for examining such complex mixtures as
asphaltenes 30 Other methods used to evaporate and ioni ze
large thermally labile molecules have a bias toward certain

saturated hydrocarbons, is still an issue. One way to contend
with this problem is to allow the desorbed neutral molecules to

molecules. For example, as mentioned above, ESI favors
the most acidic and basic molecules, 39 while atmospher ic

the water ligand to produce [Cl Mn+M]• ions without fragmentation.3·22 This technique has been successfully employed

pressure photoionization favors aromatic compounds and
other compounds with low ioni zat ion energies. 40
Many different mass spectrometers, including LQIT, 1·32
OIT,36.37 FT - ICR9.1113.22.2s.29,3o and t1me-of-flight,1.10.14,24.28 and
many ionization methods , including electron impac t, 11 ·30
41
chemical ioniz at ion ,1·3·9·11 ·22 · atmospheric pressure chemical
13
1
ioniz at ion · and electrospray ioniza t ion , 12 have been used

for compounds with no ac1d1c or basic functionalities, such as

react with ClMn[H 2 0)+ in an ion trap. The analyte [Ml replaces

by our research group to analyze saturated hydrocarbons in
base oil samples [Figure 18) 22 and also many other types of
analytes. 41
Chemical ioni zat ion after LIAO can also be used to determine thermochemical data, such as proton affinities, for large
thermally labile analytes that cou l d not be introduced into

in the analysis of molecules evaporated by LIAO, showing

the gas phase as in tact neutral molecules before LIAO. For
example , bracketing experiments using protonated reference

the adaptability of LIAO to different types of instruments and

compounds with known proton affinities can be used to deter-

experiments. Evaporat ion of molecules by LIAO can occur

mine the proton affinit ies of neutral peptides desorbed by
LIAO based on whether or not a proton is transferred. 9 Further,

either directly into an ion trap mass spectrometer, or into an
external atmospheric pressure ion source. Recent highlights

ions can be stored in ion traps to study their reactions with

will be discussed in the following sections. The examples are

neutra l molecules desorbed by LIAO. A particularly in t er -

categorized based on the method of ionization .

esting application of this method is to study the degradation

Electron impact ionization

of b1opolymers by charged mono- and biradicals, which yields
useful information for the medicinal field. 21·33·34

Electron impact ionization [El) has been used as the ioniz at ion
11
method with LIAO in FT - ICRs. ·30 It is a highly reproducible

Desorption of ions

method of ioniza t ion that is capable of ionizing essentially any

As mentioned above, most of the molecules desorbed using

type of a compound. However. it 1s a hard ioniza tion method
that tends to cause extensive fragmentation for less robust
compounds, which mass spectrometrists generally hope to
avoid. However, for robust molecules, such as asphaltenes, 30

LIAO are neutral molecules. However, as shown by Lindner,
there are situations where pre-formed ions are evaporated from
the foil. 10 One current application uses this approach to analyze
various types of cells desorbed via LIA0. 36 - 38 Cells are deposited

El can be a suitable ionization method. Based on studies
carried out on model compounds [evaporated by LIAO)

evaporated ionic cells are trapped but have such very high

onto a silicon wafer that is positioned next to an ion trap. The

m/z

representative of the types of molecules that may be found
in asphaltenes, 30 stable molecular ions should be formed

values that they are outside the detection range cif the instru-

upon El of asphaltenes and, hence, molecular weight infor-

of charges on the cells and, hence, push the mass-to-charge

mation can be ob ta ined , although some fragmentat ion also

rat ios [m/z) of the ions into a detectable region for the particular
instrument in use. 36 - 38 Cells with approximately 10,000 charges

occurred [Figure 16]. 30 This result led to the determination of

ments used. Corona discharge is used to increase the number
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were found to have m/Z values around 10 8 -10 9 • which can be
measured by the ion traps used in these experiments.

turn, ionizes the analyte. Our research group has studied APCI
of a number of different types of compounds by using different
reagents . and found that using carbon disulfide as the APCI

Atmospheric pressure ionization

reagent yielded the most abundant molecular ions for analytes

Two atmospheric pressure ionization techniques have been

without easily ionizable functional groups, such as cyclic satu -

coupled with LIAO, ESl 1231 and APCI

tion of the neutral molecules via LIAO occurs in t he atmospheric

rated , unsaturated and aromatic hydrocarbons. Figure 19
shows 1 a mass spectrum measured for a mixture o.f steroids,

pressure ion source where they are ionized by a complex series

aromatic compounds and cyclic hydrocarbons that provides

1 13
·

For APCI. the desorp-

of reactions, beginning with corona discharge that ionizes the

molecular weight information for each compound when using

nitrogen sheath gas. The molecular ions of nitrogen ionize
the APCI reagent [usually the solvent for the analyte) which, in

carbon disulfide as the reagent. It should be noted here that
acyclic saturated hydrocarbons undergo extensive fragmenta-
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°

tion under these conditions. The use of atmospheric pressure
ioni zation techniques has al lowed for an expansion in the appli cations of LIAO outside of trad itional El and Cl experiments. For
example, using LIAO to desorb neutral molecules from a thin
layer chromatography plate into an ESI plume allows fo r the

make LIAO such a powerful evaporation technique. Several
possible mechanisms for the desorption of neutral mole cules have been described. The experimental variables
associated with laser pulses, such as the power densi ties that maximize desorption and pulse lengths that avoid

fast analysis of the separated components. 12

absorption by the ejected metal plume, were discussed.
Desirable qualities of the foils, such as their composi tion and thickness, that lead to efficient desorption with
minimized fragmentation of the desorbed molecules, are
outlined. By using optimal experimen t al set - ups, many
different uses of LIAO have been developed to stu.dy large
and/or thermally labile neutra l mo lecules in the gas phase.

Conclusions
In this article, we have discussed not only the vast variety
of uses for LIAO but also many of the characteristics that
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Many types of mass spectrometers have been coupled with

3.

PG Duan, M.K. Fu, D.S. Pinkston, S.C. Habicht and H.I.

LIAO . along with different ionization methods. This allows

Kenttamaa, ··Gas-phase reactions of ClMn[H 20)• with

for a broad range of analytically valuable experiments to
take place using the LIAO technique, includin g determi-

polar and non polar hydrocarbons in a mass spectrometer'', J. Am. Chem. Soc 129, 9266 [2007) doi: l.QJJllJ.L

nation of molecular weight distributions for asphaltenes
and the number of r ings in base oil samples. Fundamental
informa t ion on react ions of charged radicals with neutral
b1o polymers, thermoche

ja073270r
4. C.H. Skeen and C.M. York, ··Laser- induced blowoff phenomena·', Appl. Phys. Lett. 12, 369 [1 968). doi
1C.1063/1.1651859

ical data, such as proton af'ini -

t ies, of neutral peptides and El mass spectra of oligopeptides are JUSt a few of the different types of data that can be

5. J.A. Fox, ··Production of stress waves w ith nanosecond

ob t ained for molecules that are difficult to bring into the gas

AO 13 001760
6. J.A. Fox and D.N. Barr, ··Laser induced stress waves

phase as neutral molecules by any other method.
Future work in this area will include examining the
topography of desorption sites and how laser power density
affects the lasting deformation of the foil at the deformat io n

laser pulses·". Appl. Opt. 13, 1760 [1974) do i: 10.1364/

in 6061-T6 aluminum .. , Appl. Opt. 12, 2547 [1973). doi
10.1364/A0.12.002547
7.

site. An inves t igation in to the kinetic energ ies of molecules
varying widely in size and type, and desorbed with the same
laser power density, will also be performed in the near future.

B. L indner and U. Seydel, .. Laser desorption mass spectrometry of nonvolatiles under shock wave condit io ns·',

Anal. Chem. 57, 895 [1985 ). doi: 10.1021/ac00281a027
8. DA Hutchins, R.J. Dewhurst and S.B. Palmer, ··Laser

Expansion of the use of LIAD/ClMn[H 2 0)' for the analysis of

generation as a standard acoust ic source in metals··.
Appl. Phys. Lett. 38, 677 [1981). do i: 10.1063/1.92476

crude oil and biofuels is also planned.
9.

R.C. Shea, C.J. Petzold, J. L iu and H. I. Kenttamaa,
··Experimental investigation of the internal energy of mol-
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